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Stimuli-responsive gels are three-dimensional, cross-linked polymeric
materials that undergo large physical change in response to the environmental stimuli,
like temperature, pH, electrical potential, and irradiation. Ferrogels are colloidaldispersion of magnetic nanoparticles in the hydrogel network. The magnetic
nanoparticles are attached to the polymeric network by different adhesive forces; as a
result, it becomes sensitive to the applied magnetic field.
The main objective of this research is the simulation, synthesis, and
characterization of the hydrogel and ferrogel. Simulation of the hydrogel response
was performed for various environmental stimuli using a multiphysics finite element
analysis software, COMSOL. The pH and electrical response of the hydrogel in
steady state and transient conditions are investigated. These simulations also include
the preliminary results of the ferrogel response in the magnetic field. Ferrogels were
synthesized using magnetite (Fe304) and meghamite (Fe203) nanoparticles in the
range 5 nm to 50 nm. These investigations included process optimization,
characterization, and correlation of properties with process parameters. These
samples are characterized by Ultra Small Angle X-ray Scattering, Transmission

Electron Microscopy, Differential

Scanning Calorimetry,DC

Superconducting

Quantum Interference Device magnetometer for the particle distribution, temperature
phase transition, and magnetization.
Simulation of the hydrogel response to the external stimuli pH, and an electric
field has successfully been demonstrated. The effect of buffer concentration and the
fixed charge density on the swelling characteristics are studied in varying pH
condition. In addition, the pH responsiveness is simulated for the chemical sensing
reactive- hydrogels, like blood glucose level sensing. Gel synthesis used Design of
Experiment methods to optimize the cross-linking (1-8%), and particle-loading
parameters (1-14%) for N-Isopropylacrylamide based gels in the presence of
magnetic fields. Lower particle size (>10nm) Fe3C>4 surfactant layer coated particles
provided single particle distributions without any unwanted agglomeration and
aggregate distributions. Magnetic moments of the gels were found in the range 0.5 to
5 emu/gram depending on different synthesis parameters with relatively stable phasetransition temperature around 33°C. Overall, the dissertation has been successful in
simulation of these stimuli-responsive gels and established new methodology of
correlation using different characterization techniques.
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CHAPTER 1
INTRODUCTION

Recent technological development in the area of nanotechnology, chemical
sensing, Micro Electro Mechanical Systems (MEMS), and biomedical applications is
limited by the availability of materials with required properties. For example, most of
the current MEMS devices employ sensing and actuation, using different materials
and mechanisms. These devices can be simplified in the design and operation
provided both functionalities can be achieved using the same materials. Hydrogels
can be classified as one of such materials that are capable of sensing a chemical
change and at the same time provide a response to external stimuli. This unique
functionality of the hydrogels has rendered them very attractive for applications such
as insulin delivery systems, in-vivo targeted drug delivery and micro-bio lab-on-chip
systems, and many others.
Hydrogels are the cross-linked polymeric materials that swell, but do not dissolve
in water. Their ability to absorb water is attributed to the hydrophilic functional
groups attached to the polymeric network, while the crosslinking between the
network chains inhibits dissolution. In fact, the crosslinking prevent complete mixing
of the polymer chains and the solvent by providing an elastic restoring force that
counters the expansion of the network [1]. A fully swollen network can contain nearly
99% water. Liquid also helps in retaining the network from collapsing. The ability to
absorb and retain such a large quantity of fluids and at the same time be porous for
the diffusion of small molecules like oxygen, provides a resemblance to biological
tissues, and hence becomes a potential candidate for in-vivo bioengineering
applications.
These hydrogels respond to an external stimulus, such as an applied electric field,

1

change in temperature, pH in the surrounding solution and exposure to certain
radiation. Typically, this responsiveness is seen through a volume phase transition for
the change in external stimuli. The rate of change in volume is size and chemical
composition dependent. Hydrogels have a relatively large time constant in responding
to an applied stimulus. This is attributed to the slow rate of dissociation and
association of mobile ions across the interface between the solvent and the hydrogel,
which ultimately causes the swelling/shrinking process.

1.1

Hydrogel
The hydrogel is a 3-dimensional cross-linked polymeric network usually

immersed in an aqueous solution [2]. It is a solid polymer in the dry state and is semisoluble in water. This demonstrates different phases upon change in environmental
conditions. Their affinity towards water and mobile ions from the solvent arises from
the presence of the charge groups inside; such as -OH", -COOH", -CONH2", -CONH",
-SO3H" etc. on backbone of main polymer. This kind of behavior is based on the type
of cross-linked polymer or additives used, while the processing methods adopted
during synthesis influences the characteristics like hydrophilicity, deflection in
electrostatic field, covalent bond affinity, or dipole-dipole bonding within solvent.
Figure 1.1 (a and b) shows the crosslinked polymer network in hydrogel in
unswollen and swollen conditions. All the interconnected lines are conforming
networked chains, while cross-linking is represented by a big black spot at the
intersection of these lines. The empty space in the oval is the interstitial fluid. The
fixed charges are represented by either circles with inscribed negative signs or empty
ovals on the chains of the network. The arrows indicate the direction of diffusion of
solvent ions (which are represented by unattached circles inscribed with a negative or
positive sign) inside the polymer. Gray circles are functional group ions associated
with the polymer.
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Mobile ions
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Figure 1.1: Hydrogel polymer network in (a) un-swollen and (b) swollen conditions
Upon the change in environmental condition (pH, temperature, electric field
etc.) the hydrogel undergoes a volume phase change. Figure 1.1 (b) represents the
actual swollen hydrogel. The positive ions of the solvent interact with the fixed
negatively charged ions on the polymer network after equilibrium is established. The
infusion of these external ions increases the ion concentration inside the cavity of the
hydrogel, which produces the osmotic pressure. Osmotic pressure causes the hydrogel
network to swell. The structural integrity is maintained by an elastic restoring force
of the network chains.
(b)

//
•/

\ i

i

-v*. Figure 1.2: Swelling of hydrogel from (a) dry state (b) fully hydrated state in DI
water
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Hydrogels are in general, relatively homogeneous materials that swell or
shrink uniformly, without a dramatic change in shape (see figure 1.2). Further,
different gels will have to be designed and prepared to achieve a more sensitive
response to a change in the surrounding environment. This can be achieved by
synthesizing hydrogels with reasonably high concentrations of ionizable groups fixed
on the polymeric crosslinked chains that can exhibit sensitive response to pH as well
as electric stimuli simultaneously. A similar effect can also be realized by preparing
gels that include magnetic nanoparticles which respond to pH and magnetic field
stimuli.

1.2

Ferrogel
Ferrogel is a chemically crosslinked polymer network that has a colloidal

dispersion of magnetic nanoparticles. In the ferrogel, magnetic nanoparticles are
attached to the polymeric network by different adhesive forces, resulting in a direct
coupling between magnetic and elastic properties.
These new classes of magnetically controlled materials elongate, contract, and
deflect in response to the applied magnetic field. The use of a magnetic field as an
external stimulus would reduce the response time for actuation and entails hydrogels
suitable as soft actuators in MEMS devices. Due to large spectrum of stimuli and
responsive functionality, the hydrogel functionalized magnetic nanoparticles are used
from magnetic imaging to targeted drug delivery. Encapsulating such magnetic
nanoparticles is of great interest for research in wide range of applications including,
chemical sensing, glucose sensing, MRI cancerous cell imaging, data storage, water
filtration, micro fluidics, and biotechnology and biomedicine [3]. Nanoparticles
colloidal solution can be prepared and manipulated to achieve diffusion of the
attached peptides or anti-bodies within tumor or specific targeting organs. Advances
in the engineered magnetic nanoparticles have played an important role in diagnosis
and understanding of the treatment of cancers [4]. In vivo and in vitro drug or contrast
agents for imaging have been successfully demonstrated [5]. Different types of iron

4

oxide magnetic particles are being encapsulated or tagged by functional moiety [5-7]
using polyacrylamide.
However, it is easier to handle the magnetic nanoparticles in applications like
targeted drug delivery compared to those dispersed in a gel. Incorporation of these
nanoparticles into macroscopic gels provides us with magneto-responsive gels. In
ferrogels, these nanoparticles are the primary carriers of magnetic moment. In a static
magnetic field, the magnetic dipoles become aligned in the direction of the applied
field. A volume contraction of the gel can be observed at sufficient field strength due
to enhanced inter-particle interactions. Wherever a change in shape is required for a
given application, thermo-responsive gels with magnetic nanoparticles have proven to
be an ideal material. Magnetic shape memory nano-composites [8] using thermoresponsive gels with ferrite particles were developed for biomedical applications.
Hence, the choice of materials and the processing techniques are dependent on the
application and required functionality.

1.3

The Motivation
Biomedical applications are one of the most important drivers for the research

on nanocomposite magnetic colloids. Diabetic monitoring demonstrates this well,
where the gel based sensing and actuation can be used quite effectively. In the case of
diabetes, where a patient is hormone dependent, continuous measurement and control
of the blood glucose is critical. Hydrogels are ideally suited for this application,
where they can perform the sensing as well as control operations. As hydrogels swell
in response to a pH change, blood glucose sensing, a valve actuation (opening) for the
controlled release of a medicine (insulin) can be performed in a single task. The
advantage with these gels is that it is a skin like material which is bio-compatible and
the device fabricated will have no mechanical parts. In view of the great potential for
these nano-composite magneto colloids, the aim of this thesis is to investigate these
materials to understand and improve some of their important characteristics,
especially with respect to their use in different applications.
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The study of ferrogels will not be complete without a thorough analysis of
their magnetic properties. Interestingly, the magnetic characteristics of the gels are
essentially dependent on the type (material) of particles and their size. For example,
the selection of soft or hard magnetic particles determines the basic magnetic
properties of the gel. As the minimum particle size varies from material to material,
the choice of material and particle size cannot be decided independently. Further, the
particle distribution within the gel is known to be a function of their size. These issues
pose more significant problems in the fabrication of ferrogels compared to hydrogels.
So far, the author is aware of very few reports in literature on a systematic study of
synthesis and characterization of ferrogels. In order to tailor the properties of these
ferrogels to suit the requirements of different applications, a thorough study is
essential to understand the synthesis process-property correlations. This has been the
motivation for the research undertaken in this project.

1.4

The Project
The proposed research project is divided into three areas: simulation,

synthesis, and characterization of the hydrogel and ferrogels. The first part of this
research involves the simulation of the hydrogel response for various environmental
stimuli using the commercially available numerical analysis multiphysics software,
COMSOL. The numerical simulation is focused on the study of pH and electrical
response in the steady state as well as time dependent conditions. The simulation of
the pH sensing behavior is also extended to understand the gel response for blood
glucose.
The research on ferrogels included the synthesis process optimization,
characterization, and understanding of the variation of properties with respect to
external

stimuli.

Synthesis-property

correlations

characterization results.
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1.5

The Outline of Thesis
This thesis is divided into six chapters. While the first chapter provides the

introduction to the topic and motivation for this research, the second chapter deals
with the review of the literature. The review is organized in three major sections viz.,
simulation, synthesis of the hydro and ferrogels and finally the characterization
techniques required for analyzing the properties of the gel. The research work
performed in these areas is discussed in detail, while highlighting the gaps in our
understanding based on the data available.
Chapter 3 focuses on the achievements of this research in simulating the
stimuli responsive behavior of hydrogels. This was described in three separate
sections covering the steady state, time dependant, and glucose sensitivity simulations
respectively. An interesting aspect of this work is that the simulation is performed
using the multiphysics based finite element software COMSOL.
Chapter 4 addresses synthesis and characterization of ferrogel. While the first
part of the chapter presents the details of the characterization techniques used for
analyzing different properties (e.g. particle distribution, magnetization, phase
transition temperatures etc.) and respective sample preparation methods, the second
part deals with the optimization of the synthesis process.
Chapter 5 discussed the results of all the experiments performed as part of this
research work. This is divided into five major sections. The first two sections discuss
the analysis of ferrogels that are prepared using FeaCU nanoparticles with and without
functionalization. The third section compares the ferrogel properties with Fe^O^ and
y-Fe203 nanoparticles. Section four provides the analysis of the ferrogels prepared
under normal and magnetic field conditions. The final section attempts to correlate
the results of the above sections and summarize. The final chapter will conclude the
important outcomes of this research and provides an overview of the aspects that
require further investigation.

7

CHAPTER 2
LITERATURE REVIEW

This chapter reviews the literature on three important areas of research related
to the subject of this thesis. As described in the previous chapter, this work is mainly
concerned with the simulation, synthesis, and characterization of the hydrogel and
ferrogel. Simulation and predictive analysis of materials has been verified by
comparison with the experimental studies, especially when the material properties are
not well understood. Stimuli-responsive gels, being relatively new materials, are not
very well understood with respect to their response characteristics to different stimuli.
Thus, the uses of numerical and analytical simulation techniques have become
essential to make further advances in this research. Synthesis of these gels has been
the one of the major research that is reported in the thesis. An overview of the current
status of the research on the synthesis of hydrogels with different nanoparticles and in
particular ferrites is provided in the following section. In order to optimize the
synthesis process, one has to characterize samples processed in different conditions
and understand the variation in selected properties depending on the material. This
kind of synthesis optimization necessitates the characterization tools used to study
different properties. The principles of chosen set of characterization techniques,
background, and their usefulness in the context of the current research are described
in the final section. Overall, this chapter provides the literature on the simulation
techniques, synthesis processes and procedures and different characterization
methods required for their analysis in three separate sections.
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2.1

Hydrogel Simulations
Polyelectrolyte gels are viscoelastic materials that display large swelling

capabilities under the influence of external stimulations, in particular to changes in
chemical, electrical, and thermal conditions. These are quite promising for a number
of actuator applications such as artificial muscles, robotic arms and drug delivery, etc.
Being a soft fibrous materials (e.g. Hydrogel) and yet very dynamic in its response to
environment, it has numerous applications. Though it is widely studied, the progress
achieved to date in the drug delivery aspects is far from satisfactory due to the
difficulties in processing. Its slow response due to a large time constant also affected
its use in actuator applications. The suitability of a material for a given application is
based upon a clear understanding of its properties and response for a given set of
conditions. In order to determine the response of hydrogels in a quantitative way,
especially in the context of using them in engineering applications, it is necessary to
understand the underlying physics, and chemistry for the kinetics of deformation.
This is easier to do in simulation than an elaborate set of experiments.
The hydrogels are known for their responsive behavior to external stimuli
with respect to several physical and chemical parameters, such as electric field,
temperature, pH, and salt concentration in solvent, which makes them suitable for a
broad range of applications [9-15]. These materials can undergo a large volume-phase
transition, which results in a physical change in volume, causing swelling or
shrinking based on their environmental conditions. Significant advancement in the
simulation of hydrogel characteristics in response to the environmental stimuli has
occurred in the last 10 years using various mathematical models and methods of
calculation [16-21]. These studies focused on understanding the response to these
stimuli with respect to the swelling-deswelling mechanisms.
In 1943, Flory and Rehner first formulated the theory of the swelling of a
hydrogel using theory of statistical mechanics[22, 23]. In the late 70s, Tanaka et al.
proposed a theory on the kinetics of the swelling of a hydrogel based on the
equilibrium theory of mechanics [24]. This group has contributed a great deal in the
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early development of the theory related to gel swelling and shrinking with respect to
temperature and electric fields [25, 26]. Hirotsu el al. of the same group have also
studied volume-phase transitions in terms of mean field theory, that is, representing
the change of ambient conditions as a change in Gibbs free energy [26].
Advances in the simulation of the swelling of hydrogels led to coupled
formulations. For example, Neubrand formulated an electro-chemical model for ion
exchange membranes [27] followed by Grimshaw P. E. [1] who had proposed a
coupled

formulation

for

chemically and electrically induced

swelling in

polyelectrolyte gels. Grimshaw et al. have used a macroscopic continuum model to
predict the kinetics of swelling in polyelectrolyte gel membranes, by taking the ionic
transport within the gel, electro-diffusion phenomena, dissociation of membrane
charge groups and mechanical deformation into account [1, 28]. De et al.
implemented a model that led to considerable progress in determining hydrogel
swelling kinetics using an equilibrium formulation [18, 19]. Wallmersperger et al.
also reported simulations using coupled chemo-electro-mechanical equations and
compared their simulation results with experimental values of others and found a
good agreement between them [17, 20].
All these models employed the Nernst-Plank equation, Poisson's equation and
equation of motion in order to simulate and couple the chemical diffusion,
electrostatic charge redistribution and the mechanical deformations. The three basic
equations or their variants are represented as:
Nernst-Plank Equation
dc.i
+div
dt

A

zF
grad(c.) + - ^ - c . g r a d ( » -CiVi+W
III

=0
IV

Above equation shows continuity of concentration across the control volume.
Where c, is the concentration of ith species, D, is the diffusion coefficient, z,- is the
valence charge, F is the Faraday constant, *F is the electrical potential, R is gas
constant, T is absolute temperature, v, is the velocity of the t ion r, is the ith ion
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reaction rate and t is time in sec. This equation is the Fickean theory based diffusion
equation where term I is the diffusion due to gradient, the second term II is the electro
migrative diffusion term which represents diffusion due to electric potential
difference, the third term III represents the diffusion due to convection and the last
term IV represents diffusion due to reaction and reactive species dynamics. The if/ can
be coupled through the Poisson's equation, which is given below.
Poisson's Equation
p f n

V

z c

V+— 2>,+ /
s £

o

V/=i

^

=0
;

The above equation accounts for the electrical charges inside the gel where s
and s0 are the dielectric constants of the hydrogel and vacuum, c/ describes the bound
charges on the polymer network. The diffusion due to gradient and electrical potential
difference are significant and moreover, there are not terms that take care about the
electrical energy balance in the Nernst Planck equation and therefore it is important
to have Poisson's equation to explain the dynamics of charge species via electric
potential equilibrium. The concentration a change leads to change in osmotic
pressure, which is the internal pressure of the system. The swelling occurs due to a
restoration force generated by the elasticity of the material. The expansion can be
explained by following mechanical field equation.
Mechanical equilibrium equation
d2u
du ^
v
p—- + / — = Vcr + p-B
dt2

dt

In the above equation, u is displacement,/is a friction coefficient, a is stress,
and p is density and B is body force. Here, there is no external force, and hence, the
equilibrium can be expressed by the equilibrium of stress. The inertial effect is
negligible due to slow swelling. There is no body force present in the system.
In their model, De et al. [19] considered the equilibrium mechanical
deformation of the hydrogel including the effects of fluid velocity on the swelling
characteristic. The development of a chemo-electro-mechanical model is justified
11

especially considering the uncertainties in the application of Donnan theory [29] to
the interior of the hydrogel, where the concentration gradient in the hydrogel cannot
be ignored. Donnan equilibrium theory applies to the membrane, where diffusible ion
concentration is affected by the impermeable ion concentration across the membrane.
In the case of ionic hydrogel, these impermeable ions are bound charges. The
diffusible ionic concentration will be unequal due to these ions and this theory
explains the equilibrium condition via electric potential equilibrium. Donnan
equilibrium theory characterizes the concentration of diffusible ions between two
ionic solutions separated by a membrane or within the membrane itself. This theory
considers long range electrostatic interaction between the charges and neglects the
point charge/short range/interanionic interactions[30]. At the micro level, the
concentration gradient from solution to gel is large and this theory works for the
uniform concentration. Therefore, in this simulation the transition is crucial. The
Poisson's equation takes the effect of gradient by equilibrium of the charges within
the interface. In the simulations of hydrogels by De et al. [19, 31] the Meshless Finite
Cloud method [31-33] is used for the solution of coupled chemo-electro-mechanical
equations. In the simulation of hydrogels, which produce large swelling, at times 200
to 700%, require simplification in order to accommodate the simulation of large
deformations. The mesh generation in FEM (finite element methods) requires
iterative remeshing for tracking the dynamic processes involving large deformation,
which need large storage and memory due to the enormous number of element nodes
involved in discretization. Meshless techniques were adopted for this purpose, as they
do not require the generation of a mesh for complex two- and three-dimensional
structures. Multiphysics and multi-scale analysis of the type required for the
simulation of hydrogel swelling becomes relatively simple to deal with using nodes or
points instead of a mesh.
The difference between conventional finite element methods (FEM) and the
Mesh Free (MF) method lies in the process of node generation. In FEM, this step is
quite important, depending on the complexity of the geometry and the system of
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elements. This step is followed by meshing the entire geometry using predefined
elements. After the formulation of polynomial equations, a system of equation is
solved. This process may have to be repeated by changing the type of elements or the
order of element polynomials to get accurate results.
Figure 2.1 shows the schematic of the meshing step in two methods. Figure
2.1(a) shows the FEM meshing while figure 2.1(b) shows MF meshing. The term
"Domain of Interest" is plotted with the dotted line. In the FEM, the dotted line is
square because it follows certain rule of elements while in MFree method the dotted
line is circle, which represents the nearest domain of influence. There is no
connecting line needs to be drawn between the points.
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Figure 2.1: One possible definition of a mesh: (a) when the domains of influence are
coincident with the integration domains a mesh is produced, otherwise
(b) meshless method, source: [34]
In figure 2.1 "I" represents the point of interest. In the meshless method, user
does not supply the connectivity between nodes. The algorithm used to solve the
particular problem defines connectivity, this would be the radius at point of interest,
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and the selections of these points depend on user choice. In FEM, the connectivity is
users' choice and it is fixed for particular type of elements.
In ID FEM, the coefficient of Lagrange polynomial will have values of zero
at one end and one at the other end while in the MF method at the point of interest or
in the domain of the influence the coefficient is non-zero. The banded stiffness matrix
is produced by the FEM. The faraway node in the domain also affects the stiffness
matrix, which means, large domain of influence produces stiffness matrix having a
large bandwidth. The domain of influence can be overlapped and therefore final
stiffness matrix may or may not be structured. The stiffness matrix in FEM represents
no details about the displacement; while in the MF method resulting subsequent
matrix represent required degree of freedom (e.g. displacement). Since the stiffness
matrix is not symmetric a usual FEM solver cannot be used to solve MF problem.
Different algorithms can be used for solving such a global stiffness matrix. At this
point, the solution methodology depends on the user. A finite cloud method was used
by De et al. [18] for this purpose, which was based on fixed kernel interpolation. In
contrast, Li H. et al.[35, 36] in their work on the simulation of gel swelling used a
new meshless Hermite-Cloud method based on reproducing kernel particle method
(RKPM). This approach employed the Hermite theorem for the construction of the
interpolation functions. Least square, multiple least square, moving multiple least
square are some of the other interpolation techniques that are commonly used. It is
interesting to note that different groups used different meshless methods for the
simulation of hydrogel swelling/deswelling problems. For example, Wang et al used
the point weighted least-squares method (PWLS) [37] and Zhou et al used radial basis
function [38] for the same purpose.
Interestingly, the basic algorithms for the integration domains, updating
stiffness integrals in each domain, solving linear system are the same in all cases.
Typically, the user's choice of integration domain, approximation function, and
formulation determines the method that is appropriate for solving linear system of
equations. Thus, MF method produces large number of solution options. As these
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methods are relatively new, these simulations were performed using their own codes.
Using the point weighted least-squares (PWLS) method, Li et al. [36]
developed a multi-effect-coupling electric stimulus model, in which the simulated
domain covers both the hydrogel and its surrounding solvent. This method has taken
the effects of electric potential and convective diffusion into account using a modified
equation for a tri-phasic mixture of ions [21, 39]. Hua Li et al. formulated finite mesh
free element method to simulate all governing equations for swelling-deswelling
using solid mechanics theory [39-50]. In these mesh free simulation they have used
Arbitrary Eulerian method or updated Lagrange FEM for redistribution of fixed
charges inside the hydrogel during expansion.
Similarly N. A. Peppas group have developed swelling model based on the
scaling law and simulated swelling of the hydrogel [51-55]. These studies used onedimensional analysis and estimated the deformation for a two-dimensional geometry.
The mechanical deformation of the hydrogel was determined when immersed in an
acidic solution with varied solvent pH and with an externally applied electric field.
Both simulations are carried out using meshless methods. The Nernst-Planck equation
was coupled with Poisson's equation for the electric potential to calculate the ionic
concentration inside the hydrogel. The change in ionic concentration was then used to
calculate osmotic pressure, which in turn was used in the mechanical field equation to
determine the swelling due to hydration.
An interesting aspect of all of these earlier investigations is that the
simulations were either performed using a finite element code that was developed inhouse by the group or using problem-specific software modules. Nevertheless, it is
important to understand the limitations of these models developed or methods
employed while performing the simulations of hydrogel deformation or actuation.
Grimshaw P. E. used the hydrogen ion equation derived based on the Nernst
Planck equation in time dependent analysis [1] with Darcy's equation for momentum
balance. Other ion species concentration was found out based on Donnan Equilibrium
ratio. This was formulated using MF method by De. S. et al.[18] and later improved

15

using poisson's equation [19]. In the first version of chemo-electro-mechanical
model, De S. et al. have used Donnan theory similar to Grimshaw P.E. and steady
state deformation was calculated based on the static equilibrium model in which the
convergence is based on experimental value of hydration using one dimensional
analysis. A kinetic model was used to predict the rate of swelling of the hydrogel
when the solution pH is changed in the time dependent analysis of the gel swelling.
For electric sensitive hydrogel the transient solution was carried out based on
experimental empirical correlation between time and displacement [45].
Simulation of hydrogel responses to pH has many interesting applications
especially with respect to glucose sensitive hydrogels. Many studies were carried out
to determine the potential use of hydrogels for sensing the blood glucose content and
release appropriate amounts of insulin in a bio implanted drug delivery system. In
terms of mechanism, an enzyme reaction within the gel converts the glucose to
gluconic acid, temporarily reducing the pH. This results in protonating the functional
groups on the polymeric network, consequently causing a change in the osmotic
pressure because of the difference of mobile species concentrations between the
interior hydrogels and surrounding solution. Models such as ping-pong kinetics and
others were proposed to understand and explain relevant reactions and the overall
mechanism [56-61]. Many of these models failed to predict the volume-phase
transitions of the glucose sensitive hydrogels, as they did not consider the effect of
electrolyte species in the surrounding solution and the electric potential effects.
However, recently Luo et al. [62], using their multi effect coupling glucose stimulus
model made reasonable progress in determining the swelling ratios and the effect of
glucose and oxygen concentrations. It may be noted that this model and their process
have limited accessibility in public domain.
Overall, the above review on the simulation of gel swelling/deswelling
mechanisms, clearly identified the necessity to develop techniques and methodologies
that are available in public domain, where researchers can access and verify their own
theoretical and experimental results. So far COMSOL finite element software
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available commercially is one of the tools that may ideally be suited for this purpose.
Saunders et al.[63] have very recently reported their work on the simulation of
swelling characteristics of hydrogels, which is similar to the work that our group
presented in a SPIE conference in 2007 [64]. It is not very clear from this paper that
the authors were able to couple all the three equations (Nernst-Plank, Poisson's, and
mechanical field equation). Hence, this clearly shows many gaps and research
opportunities in the simulation of the behavior of the gels using a simple and easily
accessible software tools at the same time to provide an in-depth understanding of
their responses under varied conditions.

2.2

Simulation of the Ferrogels
Magneto elastic material is nano-composite magnetic field sensitive material

whose properties can be changed dynamically on application by magnetic field. As
Dorfman A. et al. attributes that the volume fraction of 0.1 to 0.5 of particles inside
the polymer network is important for actuation of magneto elastic materials[65].
However, the actuation is depending upon the restoring force provided by material on
application of magnetic field. The theoretical analysis of ferrogel characteristics
under uniform magnetic field [66, 67] and time varying AC magnetic field [68] is
studied along with the predication of mechanical properties [69, 70] and electrical
conductivity [71].

The mathematical formulation by Pao, Y. H. describes the

deformation by equation of motion with the Maxwell's equation for stress produced
by material on application of magnetic field along with the laws of thermodynamics.
Brigadnov I. et al. formulated theory for the Magnetic field sensitive (MS) material
considering homogenized single non-polar isotropic continua [72]. The constitutive
equation of the MS material is described [65], which has considered the Lagrangian
approach as well as Cauchy elastic solid deformation approach. These papers have
described the experimental situation where the MS material is confined in two
parallel plates with pre-deformed condition and application of magnetic field
generated residual stress inside the material, which finally regains its original shape.
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This was modeled by Marvalova B. [73] in COMSOL. The group lead by Dorfman,
A. has given the universal theory of deformation [74], which covers constitutive
partial differential equations of the deformation of magneto-elastic materials.
To author's knowledge, there are no reports on the multi-stimuli effect on
ferrogel, till to date in the literature. Though a case specific analytical or numerical
modeling has been reported, no simulation has been reported in the field of actuation
of ferrogel in the uniform magnetic field. Therefore, it is important to study and
model the properties of ferrogels and the effect of external stimuli such as magnetic
fields.

2.3

Synthesis
Synthesis of hydrogels has been studied extensively in the last 3 decades with

these gels being classified into two categories based on the starting materials and
preparation methods used. The first one is based on the polymerization of hydrophilic
monomers and the second category related to the modification or functionalization of
existing polymers . The monomers that undergo free radical copolymerization with
crosslinking agents to form hydrogels, which belong to the first category, are
hydroxyethyl methacrylate (HEMA), Ethylene glycol dimethacrylate (EGDMA),
Acrylic Acid (AA), Methyl Methacrylate (MMA), N-Isopropylacrylamide (NIPAM)
etc. The other class of hydrogel materials can be natural polymers (e.g.
macromolecules extracted from animal collagen, plants etc - gelatin is a hydrogel
produced by partial hydrolysis of water insoluble collegan fibers) or synthetic
hydrogels (e.g. prepared from Poly (vinyl alcohol) - synthesized from the hydrolysis
of Poly (vinyl acetate)). Both these classes of hydrogels are used in many
applications. In terms of the responsive properties, different hydrogels provide
responses to different external or environmental stimuli. Hydrogels are also divided
into different classes based on their stimuli responsive properties. For example, pH
responsive gels, thermo-responsive gels, electro responsive gels are to name a few.
Some of the recent applications that used these gels, introduced a variety of
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nanoparticles into these gels, either to achieve additional stimuli response (e.g. gels
with ferrite nanoparticles to form ferrogels, which provide a response to changing
magnetic fields in its surroundings) [75-78] or to facilitate the use of these materials
in novel applications (e.g. hydrogels with silver nanoparticles for use as a Localized
Surface Plasmon resonance (LSPR) based optical enzyme biosensor [79]. Notably,
hydrogel is a environmentally sensitive polymer; addition of nano material [80-82] or
magnetic nanoparticles increases its functionality specially in the drug delivery [3, 76,
83], actuators [78, 84], pressure sensors [85], gas sensor [86] and other novel
application like muscle actuation[87] and synthesis of nano-material in the polymer
matrix[88, 89] etc.
Thus such small particle based nanocomposite gels becoming attractive in
their capabilities and potential for use in a number of fields from biological sciences
to mechanical engineering. In this context, magnetic nanoparticle based gels are
important for many applications such as targeted drug delivery systems, remotely
controlled microfluidic valves and many others. Recently, there is an increase in
interest for dual-responsive hydrogel, e.g. pH-thermo, pH-electrical, pH-magnetic
[90], thermal-magnetic[91-93] in the field of pharmaceuticals, medicine [5], drug
delivery system [76], biosensors [94], cell biology [95-97], MRI imaging [98] etc. In
view of its potential for a large range of applications, magnetic nanoparticle based
ferrogels were chosen in this work.
These magnetic nanocomposite gels can be produced by immobilizing the
magnetic nanoparticles into cross-linked polymeric network of the hydrogel. y-FeiCh,
and Fe3C>4 particles are magnetic nanoparticles, which are frequently used in the
research. Different techniques were reported for the synthesis of ferrogels using
variety of polymeric materials. Majority of the ferrogels work reported in the
literature used polyvinyl alcohol (PVA) based gels [87, 99, 100]. The synthesis
processes used mainly depended on the method of introducing or embedding the
magnetic particles in the gel. Usually the magnetic particles are incorporated in the
gel by synthesizing the gel in magnetic particle solution prepared[99, 101, 102] or by
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adding magnetic nanoparticles in the solution during process[87, 103]. High strength
with the large amount of particles can be achieved by freezing and thawing process of
gelation [77, 103, 104]. The amount of materials and compositions has to be
determined based on the required properties. For example, the amount of material can
be reduced if lower modulus of elasticity material is used with better distribution of
magnetic particles in the polymer matrix [105]. Initially the effect of percentage of
particle loading in ferrogel with respect to applied magnetic field on elongation was
investigated by Zrinyi M. et al. [106]. Following this work, there were reports of
similar analysis[100] using different polymeric material[103, 107] and the magnetic
nanoparticles[103]. However, no studies were reported on the effect of homogeneity
or particle distribution on the elongation or drug delivery.
There are few examples of bio degradable ferrogels such as Hydroxypropyl
cellulose and maghemite based magnetic gel [108], hydrophobic oleic acid-coated
magnetite gel based on Poly(lactic acid-b-ethylene glycol) (PLA-PEG) diblock
copolymers based gel [109]. Another most frequently used material for ferrogel is
NIP AM because of its ability to produce high swelling ratio [103, 104]. NIP AM
based gel synthesized by freeze-dry process is known for its fast thermal
response[103, 104]. The mechanical strength of PVA based hydrogels are better
compared to NIP AM based gel. However, NIP AM has better bio compatibility in
terms of its strength and stimuli responsiveness. In this research the NIP AM based
hydrogel is used and synthesized by adding commercially available particles in the
precursors of the hydrogel. As optimization of synthesis process requires analytical
information, important characterization techniques that are required for analyzing
these gel samples and nanoparticles are presented further.

2.4

Characterization
One of the major gaps in the knowledge of ferrogels is found to be the lack of

understanding of the properties of the ferrogels and their process-property
correlations. This understanding is essential in order to tailor the properties of the gel
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for a required application. As an engineering dissertation, it was felt that this provides
an excellent opportunity to contribute to this understanding. Hence, the ferrogel
synthesis that was taken as part of this research necessitated the use of a number of
characterization techniques in order to determine the nanoparticle size, distribution,
thermal characteristics and associated magnetic properties. Though there are a large
number of characterization techniques available these days for this analysis, few high
throughput techniques which can provide the complimentary information are to be
chosen for this purpose through a thorough literature search and based on the reported
analysis results. Small or Ultra Small Angle X-ray Scattering (SAXS or USAXS),
Transmission Electron Microscopy (TEM), Scanning Electron microscopy (SEM),
Atomic Force Microscopy (AFM) and many similar techniques

were used

extensively to determine the particle size, distribution, agglomeration and aggregation
characteristics by many researchers. As these are dilute polymer-magnetic nano
particulates, these can be characterized by SAXS or USAXS for distribution and
agglomeration, depending on the particle size. Typically USAXS cannot be used for
this analysis, when the particle size is greater than 1 um. However, within this
limitation, USAXS provides the information on particle size, morphology,
distribution, and shape of the material and compliments the other microscopy
techniques of the characterization [110-113]. This is a high throughput technique and
is capable of providing structural information too. This technique was used to analyze
the effect of cross-linking by changing the temperature of the ionic and non-ionic
hydrogel [114]. Similarly, effect of varying particle loading with respect of the crosslinking can be studied. Very few papers have been found on the study of ferrogel
using USAXS. Teiseira et al. discussed the deformation of ferrogel under uniform
magnetic field [67],

while others reported the particle size effects within the

sample[78, 115] but not the agglomeration characteristics. TEM is a more direct
method to measure the particle size, distribution and volume fractions. TEM and
USAXS can provide complimentary information on the same sample. However,
USAXS can give us information about the amount of agglomeration and volume size
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distribution, which cannot be determined effectively by TEM. Several researchers
have tried to estimate the volume fraction embedded in the sample network [96, 116120] by magneto granulometric analysis. The first demonstration of the magneticfield-sensitive hydrogel was reported by [99]. Later Zrinyi et al reported on the
synthesis, mechanical properties and characterization of ferrogels [121, 122]. Zriny
has pointed out that when a magnetic field-sensitive hydrogel is exposed to an
external field two distinct types of interactions can be possible. (1) Interaction
between polymer (filed) and particles (2) particle-particle interaction[122]. In the case
the applied magnetic field is non-uniform, the field-particle interactions are dominant,
and the particles experience a dielectrophoretic (DEP) or a magnetophoretic (MAP)
force that attracts the particles as field intensities increase. Due to lack of field
gradient in uniform magnetic fields, there are no attractive or repulsive field-particle
interactions and hence the particle-particle interactions become dominant. AFM has
also been used in magnetic force mode. However, this requires careful analysis, as
loosely bound particles on the surface may get attached to the tip and can cause
measurement reproducibility problems. This shows that the TEM and USAXS can be
ideal choices for the analysis.
It is also interesting to note that he mechanical properties of the ferrogel in
presence of magnetic field is tunable[123]. The effect of the cross-linking density as
well as the concentration of iron particles has also been investigated. The study of
elastic modulus of magnetoelastic material, which depends upon direction of, applied
magnetic field, the columnar structure, and the mechanical stress was reported for the
PDMS based elastomer [123]. The effect of nanoparticles on the swelling
characteristic is also studied and Giinter Lattermann, M. K. [101] et al. have reported
the thermo-reversible ferrogels (FG) first time by physical gelation of ferrofluids.
Another researcher have reported mechanical behavior of smart ferrogel [87] in
which micron sized magnetic particles (Fe3C>4) were dispersed in a polyvinyl alcohol
(PVA) hydrogel. The authors have reported threshold value of magnetization for
different concentration of magnetic particles in the hydrogel. This analysis was
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carried out using SQUID magnetometer or a vibrating sample magnetometer.
Fillipcsei G. et al. have concluded that the equilibrium swelling properties of
poly(N-isopropylacrylamide) (PNIPA) and magnetite loaded PNIPA gels do not
modify the temperature sensitivity. Also the temperature of the collapse transition
was not sensitive to the presence of magnetic particles[115]. , Differential scanning
calorimetry (DSC) was suggested to be ideal technique for this purpose.
This review on characterization techniques indicate USAXS, TEM, DSC and
DC-SQUID magnetometer seem to be ideal with respect to the required information
about the sample. Hence, these techniques were chosen for the characterization of
ferrogel samples.

2.5

Summary
This chapter reviewed the literature related to the three important aspects of

the proposed research. The first part of the review focused on the work concerned
with simulation of stimuli responsive gels. A detailed view of the research work
reported

on

the

steady

state

simulation,

transient

analysis

of

hydrogel

swelling/deswelling and blood glucose sensing characteristics. In each of these areas
the gaps in the literature were identified. The second part of this chapter reviewed the
literature on the synthesis of hydro and ferrogels. The advantages and demerits of
these gels and their synthesis procedures were described. This is followed by the
discussion on the suitability and merits of the available characterization techniques
with respect to the information required in this characterization. This clearly helped in
organizing the work and choosing the right techniques. Therefore, the overall work
mainly involves the simulation, synthesis, and characterization of hydro and
ferrogels.

23

CHAPTER 3
SIMULATION OF THE HYDROGEL

A thorough literature review as presented in the previous chapter clearly
indicates the need for the development of simple software tools that can be used for
analyzing and understanding the mechanism of gel swelling/deswelling in response to
the different environmental stimuli. One of the primary tasks that were taken up as
part of this research included the simulation of the hydrogel response. The model
adopted, procedures followed and the results of simulation of the swelling of the
hydrogel in steady state and transient conditions are presented with an emphasis on its
response to environmental stimuli such as a solvent pH and an external electrical
potential. The numerical model employed and the simulation methodology is
described in detail. Finite element analysis is carried out using multiphysics software,
COMSOL. The effect of the buffer solution concentration, the fixed charge density,
the solution pH (2-12), and the electric potential (0-2V) on swelling or deflection
characteristics are studied in separate simulations. The simulation results are
compared with other published experimental results and they are in agreement.
The chemo-electro-mechanical behavior of the hydrogel is simulated in
response to either changes in the pH of a buffer solution surrounding it or the
variation of an applied electric field. The simulation uses a model consisting of three
partial differential equations: the Nernst-Planck equation, Poisson's equation for
electric potential and the mechanical field equation. The first two are nonlinear
equations. The third equation introduces nonlinearity by an abrupt change in the
modulus of elasticity. These equations together constitute a complex nonlinear system
of equations, which could be difficult to solve using commercial finite element
software due to the lack of an appropriate interface between various multiphysics
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models required. This may have prompted many previous researchers to develop their
own dedicated computer programs [16, 19-21] and this has been impeding the
progress of research in improving the simulations and appropriate models. Hence, our
work is intended to develop a simulation methodology using the commercial
multiphysics finite element software, COMSOL. This report presents the results of
the hydrogel simulation studies using COMSOL and employing a moving mesh
method in a two-dimensional analysis for varied pH and applied electric field. This
focuses on the simulation of hydrogel swelling and shrinking behavior in response to
a change in pH under steady state and transient conditions. The effect of parameters
such as fixed charge density and buffer ionic strengths is studied in detail. Simulation
parameters are compared with experimental results. The deflection of an anchored
hydrogel under an applied electric field is also simulated.

3.1

Theoretical Formulation of Chemo-Electro-Mechanical Behavior
Chemo-electro-mechanical behavior of the hydrogel in response to changes in

the pH of a buffer solution surrounding it or the variation of electric field can be
simulated using a model consisting of Nernst-Planck (NP), Poisson and mechanical
deformation equilibrium equations. These three equations are coupled and solution is
obtained based on steady state and equilibrium condition.

3.1.1

Nernst-Planck equation
Nernst-Plank equation defines the relation between the concentration flux and

the diffusion of mobile species. Applying continuity equation, the change in
concentration flux with respect to space is equated with the rate of change of
concentration. Therefore, the governing equation is
dc
- L + diva) = 0
ot
This basic equation can be modified to include the diffusive flux due to
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concentration gradient and the migration flux because of the gradient of electric
potential and hence it can be written as
^-div
dt

zF

A grad(c,) + -^-c,gradO)

>

=0

(3.1.)

In steady state conditions, neglecting the concentration gradient with respect
to time, the concentration flux is written as
j , = - D,grad(c,,) + ^— c,.grad(y/)\
}
>

(3.II)

The first term of NP equation 3.1. represents the diffusive flux due to the
concentration gradient and the second is the migration flux because of the gradient of
electric potential. The second term can be found out using electro neutrality condition
and in this model it is coupled with the Poisson's equation.
Where Dit d, z,, F, R, T and f a r e the diffusion co-efficient of the i ion , the
concentration of the 1th ion, valence of the 1th ion, the faraday constant, the universal
gas constant, temperature and the electric potential respectively.

3.1.2

Steady state equation

NP equation 3.1. can be simplify to steady State equation
d2ci
— f + uz,
A TT+M
ox

dc, dw
z cc
—'-1-+H
+u,z
-^-£r
i 'i i
ox ox

d2u/ =
——
^T
ox

0

(3-m)

Where jUj is ionic mobility, which is given by
RT

3.1.3 Poisson's equation
The electro-neutrality condition can be satisfied by Poisson's equation which
is given by following equation [ 124].
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Poisson's equation for electrostatic interaction in the hydrogel
VV +— = 0
e0e

(3.IV)

Where p is charge distribution in gel, s0 is the dielectric constant of vacuum
and s is the relative dielectric constant of the solvent
( n

\

z c +z c

P=

F\Y, i > f f
Where z/ and c/ are the valence and concentration of fixed charge in the

hydrogel. Coupling of the equation 3.Ill and equation 3.IV gives the concentration
inside the hydrogel and resulting osmotic pressure is given by equation 3.VII. The
Fixed Charge density equation for pH
c,=
f

C

"'"{K>}
H(K + cH)

(3.V)

For the pH sensitive hydrogel problem where

s
c mo

,K, CH and Hare the

ionizable charge concentration within the hydrogel, the dissociation constant for the
fixed charge, the hydrogen ion concentration and the hydration respectively. H is
determined using the Jacobian of deformation tensor, which is the volume ratio of the
deformed gel to initial gel condition. The same relation cannot be used for
determining c/ for electric field response case, as there is redistribution of fixed
charges within the hydrogel. In such a case, the fixed charge density relationship
needs to be redefined taking the uneven strains (due to bending) within the gel into
account, Hence, fixed charge density equation for electric-field sensitive hydrogel is
written as

Where tr(E) trace of the principle strain tensor and v0 volume fraction of water
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at initial condition.
Solving the NP and Poisson's equations, provides the concentration of fixed
and mobile ions, which is used to calculate the osmotic pressure using
(

P

1

Osmotic

n

\

— RT Yc,-c°

(3. VII)

iV t

'

\i=\

Where n is number of ions c,- is the concentration of i ion in the hydrogel, and
c° is at the ion concentration outside the hydrogel at stress-free state for i* ion.
According to Biot's theory [125], the internal pressure is restored by the
elastic property of the hydrogel which can be given by mechanical field equation that
can be used to determine the deformation. Dynamic process of deformation is given
by second order partial differential equation of motion in time. Hence, the equation of
motion is
9_u
at 2

f

5u=Vo.+
' 5t

(3.VIII)

Where p is the density,/is the friction coefficient, u is the displacement of
the gel and B is the body force. As this is a steady state process, the inertial term is
neglected. Further, there is no body friction force, which simplifies the relation to
Vcr = 0

In order to determine the stress-strain relationships for the hydrogel, it is
imperative to consider it to be an isotropic material, which requires only two
independent material constants. In any arbitrary rotation in any axis gives same
stress-strain relationship. Stress strain relationship for such an isotropic material
(hydrogel) is written as
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Where E is the elastic modulus, G is the shear modulus and v is the Poisson's
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<Tu =

2Gea+Wx)

where su and an refers to the stress and strain in principal directions, A is
Lame coefficient.
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According to Biot's theory, equilibrium equation can be written as
d

dr

ox
d

ox
dr

:r(o-«+^™,*)+-rL = o

(3.DC)
'

v

Where cr^ is the normal stress on the x-plane in the x-direction and r^ is the
shear stress on the x-plane in the y-direction.
However, the gel swelling is a problem of large deformation. As solid
mechanics theory is based on small strains, this necessitates having a finite element
model formulated in two frames of references to accommodate large deformation: a
fixed mesh frame and a moving mesh frame. The displacement in moving frame can
be written as

X — u + x and Y = v + y
In this case, the moving mesh is realized using Arbitrary Lagrangian and
Eulerean method, which results in the Green or Green-Lagrange strains.
Where the Green Strain component is
f ->
^..
-,
^ \
duj
duk duk
1 dui
% = 2 y~dX~ + ~dX~i+ dX; -dXjj

(3.X)

At this stage, it is necessary to map the co-ordinates from the moving mesh to
the fixed mesh. This can be accomplished by defining an infinitesimal line element dx
in the fixed frame and defining a relation with the deformed line element dX in the
moving mesh frame through the deformation gradient F,
dX —

dx = F -dx
dx

From the deformation gradient, it can be defined Cauchy-Green Tensor as
C = FT-F

(3.XI)

Cauchy-green stress tensor can be found from the second Piola-Kirchhoff
stress tensor
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s=rlp
a=J~xPFT = rxFSFT
Where P is first Piola-Kirchhoff stress tensor and 5 is second Piola-Kirchhoff
stress tensor
P = ~J-xFP0smotiJ

+ SFT

In the fixed frame,
(3 .XII)
E(l-u)
N=(l + u)(l-2u)
Where ^and Syare given by equation 3.X. Then the mechanical field equation
(3.VIII) can be written as,
Vv = V(C E-P0smJ) = Q

Where [C], E, and / are the material elasticity matrix, the Green strain tensor,
and the identity matrix. At the hydrogel-solution boundary interface, the osmotic
pressure is given as a force term.
VX* = VX S-F' =VX[C-E-Pmm0j

F>}[\26,\21}

(3.XIII)

Where F is the deformation gradient tensor, P is the first Piola-Kirchhoff
stress tensor; C is a material tensor, Vx is gradient in the initial (reference frame)
frame.
This equation is used to update the deformation after each iteration.

3.1.4 Boundary conditions for the pH sensitive hydrogel
Figure 3.1 shows schematic diagram of the hydrogel geometry used in the
simulation with the prescribed boundary conditions. Diameter of the gel is varied
from 250 to 500um. As the geometry is symmetric, only one quarter of the gel
diameter is used in the actual simulation. The specific boundary conditions used are
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presented below.
Subdomain 1:
Material: Hydrogel
Physics

Equation

Chemical Diffusion

Nernst Planck

Electrostatic

Poisson's equation

Swelling

Mechanical field with moving mesh

Subdomain 2
Material: Buffer
Physics

Equation

Chemical Diffusion

Nernst Planck

Moving boundaries

Mechanical Field equation, moving mesh frame

Boundary Tm, Type: Insulation/Symmetric
dc,
^ =0
dx
dy/
0
dx
u = 0, v = free,

: NP equation
: Poisson' s equation
on vertical
symmetic side

u - free, v - 0 on horizontal

: Equilibrium equation,Moving

mesh frame

symmetic side
Boundary Y02:, Type: Interface between the hydrogel and Buffer
: NP equation

ck = continuous

: Poisson's equation
N(s + eIJ) = P0smotlc

: Equilibriu m equation - Fixed Frame

X = x + u,Y = y + v

: Moving mesh frame

Boundary Yo,y.
Type: Buffer far-field
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Symmetry

V> = 0

Figure 3.1: Schematic of geometry of the gel sample used in the pH responsive gel
simulation
3.1.5

Boundary conditions for the electric-sensitive hydrogel
Electric field response of hydrogel is simulated using the geometric gel

arrangement as shown in
As shown in figure 3.2, a 1mm x 3 mm hydrogel is chosen and is assumed to
have been immersed in ImM NaCl buffer solution. One end of the hydrogel is fixed
and other end is suspended in the liquid. Two electrodes are placed equidistance from
the hydrogel and the distance between them is maintained at 15 mm. The values of
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different constants used in the simulation are: 80= 8.854xlCf12 C2/(Nm2), e = 80, E
(modulus of Elasticity) = 0.69*106 Pa, T = 298 K, R = 8.314 (J/mol/K) and Faraday
constant = 9.6487 x 104 C/mol, zf = -1.
Simulation was carried out for fixed charge densities 4mM, 8mM, and lOmM
and for an applied electric potential in the range 0-2V. An inbuilt Heaviside
smoothing function is used to take any sharp concentration changes in to account with
change in medium. This helped in eliminating convergence problem.

Solution

Fixed End
//////f

Solution

+
+
+
+

>N
Hydrogel

?

+

15 mmFigure 3.2: Schematic diagram of the hydrogel actuator geometry used for
electrostatic response simulation
All the boundary conditions are similar except the Poisson's equation
condition. The applied electric potential is given as Derichlet boundary condition in
the solution.

3.2

FEM Formulation in COMSOL
Simulation of the hydrogel deformation/deflection is carried out using

COMSOL (Version-3.5a) finite element software with the Multiphysics modules.
1. Nernst-Planck

without

Electroneutrality (Chemical Engineering

Module)
2. Conductive Media DC (AC/DC Module) for Poisson's Equation
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3. Plane Strain (Structural Mechanics Module) for Mechanical Field
Equation
4. Moving Mesh (ALE)
The hydrogel swells or deflects and changes its geometry and therefore
Arbitrary Lagrangian and Eulerian (ALE) finite element method is used to evaluate
the new position of the specimen and the concentration profiles are updated. The
Poisson's equation stratified the electroneutrality condition. The hydrogel medium is
taken as an isotropic elastic material.

Solve Nernst Planck
Equation

Solve Poisson's
Equation
for\|/

Calculate Osmotic
Pressure, Solve for
Deformation
Coupled to Cf

Figure 3.3: Flowchart of the algorithm used to solve the pH sensitive hydrogel
response
In COMSOL, three different physics are fully coupled to each other in two
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frames: the first reference frame is fixed mesh frame and second is moving mesh
frame. The chemical diffusion and electrostatic physics along with expanding mesh
are considered in the moving mesh frame to evaluate swelling at different conditions,
while mechanical equilibrium physics is considered in the fixed frame with large
deformation. The Green strain is evaluated based on the moving frame.
All physics are coupled in COMSOL. The algorithm used for the pH
simulation is shown in figure 3.3. The NP equation and Poisson's equation are
coupled with each other via Poisson's equation dependent variable ( f ) and fixed
charge density (Please refer equation 3.V). The fixed charge density is dependent on
two parameters, hydration (H) and Hydrogen ion concentration. Hydration is the
volume ratio, which is given by the deformation tensor determinant in moving frame
or Green strain tensor, while hydrogen ion concentration is taken from NP equation.
Thus, NP and Poisson's equations are coupled by hydrogen ion concentration, electric
potential and by the volume ratio. Resulting osmotic pressure is used in mechanical
field equation to find displacement. These displacements become the coupling
parameter in the moving mesh module and mesh moves in x and y direction equally
to represent the displacement. New hydration is calculated based on the reference
frame. Thus, all three physics are coupled with each other and solved for that
particular pH step instant.
2D simulation of the swelling of the hydrogel is carried out using COMSOL
3.5a. Three different mobile ions Na+, Cl+ and H+ are considered in the simulation
consisting total 10 dependent variables. The three dependent variables (CNO, CO &
CH) from NP equation, electric potential (\\>) from Poisson's equation, two
displacements (u, v) in x and y direction respectively from mechanical field equation
and two co-ordinates (X & Y) and two weak constrains (lm6 and lm7) variable from
the moving mesh module (figure 3.4). The whole domain was discretized in 1810
mesh element with 22742 total numbers of Degrees of Freedom.

36

MOVING MESH
Nernst Planck Equation
Dependent variable : Q, y

t t
Possion's Equation Dependent
variable : y
Uses c/updated by H

FIXED MESH
Mechanical Equilibrium Equation
Uses Osmotic pressure
Dependent variable : u, v
Find Hydration (H)

Figure 3.4: Coupling methodology implemented to couple the NP, Poisson's and
mechanical equilibrium equations in COMSOL
A Dell Xenon computer with 1.88GHz speed, 4GB RAM and 4 quad cores
processor with 64bitz platform was used for all simulations in this work. The
hydrogel response to the change in pH is simulated, for the hydrogel made from
poly(2-hydroxyethyl methacrylate) (HEMA) with acrylic acid as co-monomer, and
ethyleneglycoldimethacrylate (EGDMA) as crosslinker [9]. The diameter of the
hydrogel in this simulation is typically fixed at 300 - 500 um except for cases, where
the results were to be compared with the reported results in the literature. The
hydrogel is assumed immersed in the buffer solution. The electroneutrality condition
is satisfied by the Poisson's equation with the hydrogel taken as an isotropic material.
The pH is varied from 1-12 with a step size of 0.025. The error convergence criterion
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was fixed at lxl O*5. Mechanical properties of the hydrogel were taken from published
values. The modulus of elasticity is 0.29MPa for pH < 5.5 and 0.23MPa for pH > 7.5,
with a linear variation profile assumed between these two pH values. Poisson's ratio
of 0.43 is assumed for the entire range of pH. The parametric effects with respect to
the ionic strength and fixed charge density of the hydrogel are simulated using plain
strain configuration.
The pH simulation is solved using three fully coupled formulations with static
equilibrium as the final convergence criterion. The static analysis is carried out using
the stationary Direct-PARADISO linear system solver. Being a highly non-linear
system of equations, the solution was carried out using the Damped Newton iterative
method.
Initially, the interface between hydrogel and buffer solution has very sharp
concentration gradient, which is modeled using Heaviside function. In COMSOL this
Heaviside function is flc2hs. All the concentrations and source term in Poisson's
equation is defined using this Heaviside function for smooth transition in the profiles,
which is important for the convergence of the simulation. Following section discusses
the simulation results in detail.

3.3

pH Sensitive Hydrogel
When the hydrogel in dried condition is placed in the ionic solution, it absorbs

the solvent and expands. Figure 3.5 shows the simulation profile for the Na + ion
inside the hydrogel, when placed in 300mM buffer solution for pH values from 1 to
10 in increment of 1. It can be seen that as the solvent pH increases, the base of the
profile increases that indicating the expansion of hydrogel. This absorption and
expansion are dependent on two processes: diffusion due to concentration gradient
and diffusion due to bound charges within the hydrogel. Upon small increment in
surrounding pH from its dried condition, mobile ions diffuse in the hydrogel and bind
to the fixed charges on the network, generating the osmotic pressure difference
between the hydrogel and solution by mobile ion concentration gradient. In response
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to this internal pressure, the sponge like structure of hydrogel counter acts with elastic
restoring force and try to equilibrate by changing the volume. These changes lead to a
new expanded region and the fixed charges within the hydrogel redistribute
themselves. As a result, the polymer network opens up new fixed charge sites and
promotes the diffusion of new mobile ions inside the gel till an equilibrium state is
achieved. This results in an increase of the Na + ion concentration within the hydrogel.
The interface region between the hydrogel and the buffer solution has a steep
concentration change that resulted in trailing edges with falling slope in the profile,
which seem to indicate a more realistic concentration change. It also helps the
calculation in converging to a solution. In the simulation, the fixed charge is
calculated at every step of the iteration considering the newly expanded frame and
thus the immerging profiles in the figure 3.6 are indications of the developed
geometry.
Figure 3.6 shows the fixed charge density profile in the hydrogel. It can be
noted from the figure that the base concentration profile increased as the pH is
increased, similar to the variation that is seen in figure 3.5. This can be explained by
considering the charge kinetics within the hydrogel, as previously described.
Increment in the solvent pH promotes the diffusion process, resulting higher
electrostatic potential within the hydrogel, which attracts more mobile ions, and,
enhance the swelling to a new equilibrium state. The new frame will have different
distribution of the fixed charges and therefore c/ is updated at every pH increment.
This is calculated at each iteration step based on the determinant of Green strain
deformation tensor.
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Figure 3.5: Na+ ion concentration profile at cross section of hydrogel.
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Figure 3.6: Fixed charge density profile in hydrogel
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Figure 3.7: Effect of ionic strength of the buffer solution on the swelling of hydrogel
Figure 3.7 depicts the effect of varying buffer solution concentration on
swelling of the hydrogel. As the concentration or ionic strength of the buffer solution
increased from 50 to 300mM, the swelling of the hydrogel reduces. This is attributed
to different effects that are occurring concurrently within and outside the hydrogel.
As the buffer concentration is varied, the difference in osmotic pressure between the
solution and the hydrogel changes dynamically, which controls the swelling of the
hydrogel. It is also known that the diffusion of the Na+ ions inside the hydrogel will
be limited based on the available fixed charge concentration, which ultimately affects
the osmotic pressure. A simple analysis of osmotic pressure equation (3.VII) shows
that the osmotic pressure is directly proportional to the change in mobile ion
concentrations within and outside the hydrogel. This increased mobile ion
concentrations in the solution decreases the osmotic pressure in the hydrogel. As a
result the swelling reduces with an increase in buffer concentration. These two effects
are together result in the decrease of swelling.
Similarly, the effect of the fixed charge density is also studied with respect to
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variation in buffer solution pH. The simulation results are plotted in figure 3.8 and
show that the fixed charge density has direct effect on the swelling. As the fixed
charge density increases, the final steady state expansion also increases. Hence, the
greater amount of fixed charges results in a higher electrostatic field within the gel,
which attracts more mobile ions into the hydrogel. This results in increased expansion
of the gel.
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Figure 3.8: Effect of fixed charge density on swelling of hydrogel
The simulation results are compared and validated with reported experimental
results. Figure 3.9 shows the comparison between the experimental data and
simulation. It may be noted from the figure that the simulation is performed for a 300
(im diameter hydrogel to match with experimental dimensions, with the buffer
concentration being fixed at 300mM [18, 19]. In the figure, the solid line represents
simulation values, while the symbols are the experimental values. Both, simulation as
well as experimental results indicating an almost abrupt change in the hydrogel
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expansion between pH 4 and pH 7, following the trends observed earlier for fixed
charge density variation. It confirms the fact that the hydrogels almost remain
unchanged from its initial hydrated state diameters in the lower pH solution and start
expanding at a pH 4. As the ionization of carboxylic groups within the gel approaches
a saturation value at around a pH of 7, no further increase in the gel expansion is
observed beyond this value. It can be observed that swelling is of the same order for
300 urn and 250 urn (figure 3.10) diameter hydrogel.
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Figure 3.9: Comparison between experimental data and simulation for 300 urn
diameter hydrogel
The hydrogel expansion in 2D, as obtained from the simulation at pH 6 is
shown in figure 3.10. The color map shows the distribution of Na+ in the hydrogel in
the swollen condition, while the boundaries show an expansion in microns. This
resulted in the volume expansion of around 200% in hydration, when the pH is
changed from 1 to 12.
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Figure 3.10: Hydrogel expansion in two dimensions at pH 6. The color map on the
right represents the boundary expansion while the color map on its left
shows the concentration difference in mol/m3
Figure 3.11 shows the degree of dissociation with respect to pH change in the
hydrogel. The Degree of dissociation is a = V

,, „

- I n other words, the

hydrogel has reached to an uncharged state after pH 8. As the hydrogel reaches to the
equilibrium the availability of bound charges reduces because of all possible
association of mobile ions occurs on the site of bound charges. Therefore, as the
hydration reaches to the equilibrium the degree of dissociation reaches to 1 and all
bound charges finally associate with the mobile ions.
The relative hydration is given in the figure 3.12, which shows the hydration
reaches to steady state at3.4.
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Figure 3.11: Degree of dissociation with respect to pH change
3.51

Figure 3.12: Variation of Hydration withpH of the buffer solution
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3.4

The Electric-Field Sensitive Hydrogel
In order to understand the hydrogel response to the applied electric field,

simulations were performed at various potentials. However, to ensure proper
comparison, buffer ion (Na+ and CI") concentration profiles within the gel were
determined before applying any external potential

(V = OV). This concentration

profile within the gel and at the interfaces between the gel and the solution on both
sides (between the electrodes) is shown in figure 3.13.
'Na
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-2 -1
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4 5
6
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Hydrogel Width [m]
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xlO- 4

Figure 3.13: Concentration profile for CN 3 and Cci in the interior of the gel with no
external potential
This resulted in a symmetric profile from the centerline and CN 3 and Cci are
maintaining charge equilibrium. These results are similar to the pH simulation results,
where there is no applied potential and the swelling is symmetric depending on the
diffusing ion species. The electrical potential profile for the same simulation is given
in figure 3.14. These results are in agreement with those published elsewhere using
different simulation methods [36].
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Figure 3.14: Electric potential for lOmM fixed charge concentration without potential
Figure 3.15 shows the concentration profile for CN 3 and Cci within the
hydrogel at an applied potential of ±0.1 V.
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Figure 3.15: Concentration profile for CN 3 and Cci for lOmM fixed charge
concentration at ±0.1V applied electric potential
The initial concentration of CN S and Cci inside hydrogel is set to zero, while it
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is ImM within the solution outside the hydrogel. Applying a potential of ±0.1 V to the
hydrogel having lOmM fixed charge concentration, resulted in a slightly skewed
(towards anode) CN 3 profile due to electrostatic attraction. Cci has not reached higher
concentration values due to the high negative charge density inside the hydrogel.
Maintaining total charge at equilibrium condition Cci has only diffused quite
marginally inside the hydrogel. Figure 3.16 shows the electric potential profile inside
the gel, while applying a potential of ±0.1 V externally. It may be observed from the
figure that the distribution of potential is not quite linear within the computational
domain. Smaller potential gradient inside the gel may be attributed to the higher
conductivity of mobile ions. It may also be observed that the change in electric
potential at the gel-solution interface near the anode is higher than that near cathode.
0.1
0.08
.-^ 0.06
>
^ 004
cs
•-3 0.02
C
0

3

^ -0.02
-g -0.04

J -0.06
W -0.08

-0.1
-O.I2.3

- 2 - 1 0 1 2

3

4

5

6

7

8

Hydrogel Width [m]
Figure 3.16: Electric profile for lOmM fixed charge concentration at ±0.1V applied
electric potential
Figure 3.17 shows the effect of fixed charge density Cf on the buffer ion
concentration. These results are simulated assuming a buffer solution pH of 6 around
the hydrogel. As shown in the figure 3.17, these simulations were carried out at three
different fixed charge concentrations at lOmM, 8mM, and 4mM. The concentration
profiles of Na + and Cf ions are similar and quite symmetric in all the three cases. The
Na + ion concentration within the hydrogel increases obviously with increasing c/. This
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may be attributed to the fact that the increase in fixed charge groups (negative in this
case) within hydrogels attract more mobile cations (Na+) to maintain electroneutrality
conditions. Hence, the Na + ion concentration increases with increased fixed charge
density. As the fixed charges attached to the polymer network are negative, they tend
to oppose the CI" ions, which explain the minimal effect of c/ seen on CI" ion
concentration profile in the same figure.
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Figure 3.17: Concentration profiles of Na + and Cf ions at a pH 6 and fixed charge
concentrations lOmM, 8mM, and 4mM
Figure 3.18 and figure 3.19 are showing the change in the concentration
profiles for Na + and CI" ions at different applied electric potentials for fixed charge
densities 4mM and 8mM respectively. The concentration profile below ImM is C Q
while above ImM is CNa- The varying concentration profile in figure 3.17 shows the
increased Na + ion concentration gradient with increasing voltage within and outside
the gel. The concentration profile variation at the gel-solution interfaces (0.1-0.2 mm
and 0.8-lmm) is larger at the cathode than at the anode. The variation is quite similar
for both fixed charge concentrations 4mM and 8mM studied.
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Figure 3.18: Concentration profiles for Na + and CI" ions at different applied potentials
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Figure 3.19: Buffer ion concentration profile at different applied potentials for a fixed
charge concentration of 8mM
From these figures, it can be seen that the attraction towards anode is higher
and higher as applied voltage increases. Therefore, hydrogel deformation also
increases with increasing applied electric potential.
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Figure 3.20: Deflection of the hydrogel under ±2 V applied electric potential
Figure 3.20 shows the deflection of a simple hydrogel actuator at a maximum
applied electric potential of ±2 V. The two scales on the right hand side of the figure
shows electric potential in volts and deformation in micrometers respectively. At the
center of the figure, one can observe the initial and deformed conditions with black
and gray color boundary lines respectively. The curvature of the hydrogel was
estimated using the formula, Ka — —

' ~e^— where el and e2 are strains at the

/z(2 + gj + e 2 )

two ends of the 'gel width'. As one side of the gel is fixed, the strains were taken for
the opposite end. The estimated curvature for ±2 V applied electric potential is 36 m"1
which is in agreement with other published results reported in the literature to an
extent of 10%. [128]
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Figure 3.21: Variation of hydrogel deflection with applied voltage (5.5mM buffer
concentration and 20mM fixed charge density)
Figure 3.21 shows the calculated increase in deflection of the hydrogel strip
with the increase in voltage applied to the hydrogel. Though this has not yet been
directly correlated to experimental values, a simple linear extrapolation of the plotted
curve of the displacement versus applied voltage is in general agreement with the
experimental results [129]. There is a limitation in this simulation with respect to the
applied voltage. At higher applied voltages with larger resulting deflections, a mesh
inversion occurs at sharp corners, which ultimately does not converge to a solution.

3.5
3.5.1

Kinetic Modeling of the Hydrogel
Simulation
In the transient simulation, the NP equation is solved to understand the

kinetics of gel swelling using equation I.

52

Yt

-div

a

w
z.F
grad(c,.) + -£-c,.grad(^) =o
/;

Figure 3.22 shows the flow chart of the simulation algorithm used for the time
dependent analysis. It follows a similar procedure that was used for steady state
conditions, except for the fact that the iterative process is implemented within a time
loop with incremental time steps providing the output in transient conditions. The
simulation was done between pH 3 to 6. The hydrogel is taken at the pH 3 and the
surrounding solution pH is changed to 6. The initial conditions are taken at pH 3.
Solve Nernst Planck
Equation

X
Solve Poisson's
Equation
fory

Calculate Osmotic
Pressure, Solve for
Deformation
Coupled to Cf

Figure 3.22: Flow chart of the algorithm followed for the transient simulation
Figure 3.23 shows the initial mobile ion concentration profile of Na+ and CI"
ions of the 200 um radius hydrogel. The buffer solution strength is 300mM in
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surrounding solution. The concentration of positive mobile ion inside the hydrogel is
308mM while the negative mobile ion is 292mM, which were constant throughout the
gel volume. However, there is a change in concentration of both the ions at the
interface, which reflects the concentration of the buffer. Fixed charge density profile
at the initial condition (pH-3) for the hydrogel in NaCl buffer solution is shown in
figure 3.24. This shows a fixed charge concentration of 17.5mM, which is constant
till the interface, as it is observed with the buffer. The hydrogel is initially in a
swollen condition at pH 3 compared to the dry state.
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Figure 3.23: Initial Concentration profile of mobile ions at pH-3 (The starting of the
x-axis represents the center of the gel)
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Figure 3.24: Fixed charge concentration profile of the hydrogel at pH-3
Time dependent problem is solved using moving mesh frame with remeshing
the geometry at every time step. Figure 3.25 shows the concentration of mobile ion
species (Na+ and CI") at some arbitrary point in the hydrogel. As time step increases
the pH inside the hydrogel changes; the developing pH is given on x-axis with the
concentration in mM is on y-axis. pH of 6.4 is the equilibrium value.
Figure 3.26 provides the developing profile of (Na*) mobile ion for different
time steps up to 10,000 sec. The base dimension of the profile is widening with time,
which is due to swelling of the hydrogel. The moving mesh frame reevaluates the
previous condition every time step and redistribute the fixed charge density. The
fixed charge is zero in the solution while it still have diminishing profile in the
hydrogel towards the solution-gel interface because of the availability of finite
amount of fixed charge. It can be seen from the figure 3.26 that the profiles obtained
at 7246, 8696 and 10000 sees overlapped with each other indicating the saturation of
concentration.
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Figure 3.25: Concentration of mobile ion species at different pH
Similarly Figure 3.27 shows swelling of the hydrogel with respect to time.
This shows that the hydrogel reaches to a equilibrium condition at around 4500
seconds with the pH increasing from 3 to 9. The initial diameter of the gel at pH 3
was 220um, increased to almost 400um, at the equilibrium condition. These results
are in agreement with respect to the time required for swelling to an equilibrium
value, as reported by other groups using different methods. For example, De et al [19]
reported that it has taken ~5000sec for the hydrogel to reach an equilibrium state,
when simulation was carried out for a pH change from 3 to 6. Interestingly, these
results were also verified experimentally, which proves the validity of the model and
procedures currently employed in this simulation.
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Figure 3.26: Na+mobile ion concentration profiles at different time intervals for
200um radius hydrogel
The swelling ratio of hydrogel is dependent on the fixed charge density based
on the amount of mobile ions that it can attract. Hence, to correlate the swelling ratio
to one of the dependent parameters, the variation of fixed charge density inside the
hydrogel is simulated with time and is plotted in figure 3.28. The initial fixed charge
density was set around 20mM with the pH at 3. The increase in fixed charge density
is investigated with respect to elapsed time, while the hydrogel pH is raised to 9. The
fixed charge density has reached a maximum concentration of ~520mM, before it
achieved equilibrium conditions. Total time taken to reach the equilibrium conditions
is -4500 sec, which is in agreement with the value discussed previously for the
hydrogel expansion (figure 3.27).
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hydrogel
Figure 3.26 compares the simulation data with respect to available
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experimental data, in order to validate these results further. The red open circles
represent the experimental data of hydration for a 200um diameter hydrogel, when
placed in a buffer solution of pH 9. The curve representing the simulated variation of
hydration under the same conditions is also included in the same plot for comparison.
These two curves are very much in agreement, validating the present simulation.
However, the small difference in the curve at the initial stage and also close to the
saturation value can be explained based on the diffusion theory.
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Figure 3.29: Model validation for 200um diameter hydrogel hydration versus time
graph.
The equation uses the Faction theory, which assumes the diffusion co-efficient
as a constant. In experimental conditions the boundary layer diffusion of water in the
hydrogel after placing the hydrogel in a higher pH solution is significantly different
from that proposed by Fickian diffusion. Similar observation was found in the
literature [130]. In hydrogel swelling it is important to take the ionic diffusion and
water uptake into account in order to predict a more realistic variation of hydration
behavior.
Following section describes reactive gel simulation for chemical sensing
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application. In this section glucose sensing hydrogel is taken and simulated along
with its reaction during swelling.

3.6

Simulation of Glucose Sensing Characteristics of Hydrogel
Recently many immobilized enzyme bio-sensors have been developed or

under investigation using hydrogel. Simulation of immobilized glucose oxidase in the
hydrogel matrix is one of the important steps in realizing efficient glucose sensing. In
this model, simultaneous diffusion and reaction are considered. The immobilized
glucose oxidase within a polymer matrix affects the intrinsic activity of glucose
reaction and overall diffusion of buffer ions because of mass transfer. This simulation
is carried out for 0-16.5mM glucose concentration with varying ambient pH based on
the glucose level. The mechanical deformation is achieved by diffusion of buffer ions.

3.7

Reaction Chemistry
Investigations on the development of the insulin delivery closed-loop systems

using the hydrogel or immobilization of enzyme on electrode were reported recently.
[59-61, 131-135]. Glucose oxidase is an enzyme that is frequently used in the glucose
sensing. In the presence of the glucose oxidase, the glucose is oxidized and reduced
fully which is called ping pong kinetics. Following equations (a) and (b) represent the
reaction mechanism [56, 57, 62].
(a)

E0+G^==±EB—k-^-^-ER

(b)

ER + 02

+D- gluconic acid

*+' > E0 + H202

Eo is oxidized form of glucose oxidase
EB is the enzyme substrate complex (Eo-G)
ER is reduced form of glucose oxidase
G is Glucose
k+i, k_i, k+2 and k+3 are reaction constants
The glucose oxidation reaction in the presence of the glucose oxidase enzyme
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and catalase is given below[56]. The glucose reacts with O2 in the presence of the
glucose oxidase, produces gluconic acid and hydrogen peroxide.
Glucose + O-, -—2^n£a^—$. Gluconic acid + H , 0 ,
(GOD)

•^

2

2

The immobilized catalase then decomposes the hydrogen peroxide to oxygen
and water.

With enough concentration of catalase, hydrogen peroxide is reduced and
oxygen is generated for the complete oxidation of the glucose. The above two
reactions may be combined in a single reaction as
Glucose+y0 2

> Gluconic acid

Hence, one of the ways is to immobilize the enzymes including the glucose
oxidase and the catalyze molecules into a pH sensitive hydrogel to sense the change
in blood glucose concentration [62]. As the enzyme reaction converts glucose to
gluconic acid as shown earlier,

it results in lowering the pH temporarily. This leads

to the protonation of functional groups on the polymeric chains of the hydrogel,
resulting in osmotic pressure due to a change in the mobile ion concentrations inside
the gel and the surrounding solution. This induces the deswelling of the hydrogels.

3.7.1

Theoretical formulation of the glucose detection via pH change
Chemo-electro-mechanical behavior of the hydrogel in response to changes in

the pH of a buffer solution surrounding it or the variation of electric field can be
simulated using a model consisting of Nernst-Planck Poisson and mechanical
deformation equilibrium equations. These three equations are coupled and solution is
sought based on steady state and equilibrium condition.
The NP equation used is of the form:
(

j . = - D.

zF

\

grad(c.) + ->— c grad( if/) + c.grad(lnr )
V
RT
J
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•

(3.XIV)

The first term of Nernst-Planck (NP) equation (3.XIV) is diffusive term while
the second term represents spatial change in concentration due to electric potential.
Third term relating to convection flux of solvent is neglected, as the ion transport due
to convection is quite small. The second term can be found using electro neutrality
condition and in this model it is coupled with the Poisson's equation, as was done in
the simulation of pH sensitive gels in section 3.2.
Applying continuity equation, the change in concentration flux with respect to
space is equal to the rate of change of concentration. In this case, the law of
conservation of mass has to be employed to characterize different diffusive species
(e.g. glucose, oxygen, H*). Therefore, transient formula can be written as:
dc.
dt

+ div(y.) = a - r

u; is stoichiometry constant.
The r is rate of glucose oxidation reaction is given by

r
r = V_

cy

K ox

V

K ox J

Where Vmax, Cox and K<,x are the maximum reaction velocity for enzyme
glucose oxydase, concentration of oxygen molecules and Michaelis constant for
glucose respectively.
f
dc

•div

D

dt
V

z.F

f

^

grad(c.) + —— c.grad( i//)
RT
= v -r
+cgrad(ln7.)
J

Considering steady state condition, the NP equation will become
d2c.
l

D.

dc di//

- + fi.zt —'•

dx

dx dx

+

MiZiCi

'

3V
—7 =

o.-r

dx~

The electro-neutrality condition can be satisfied by Poisson's equation, which
is given as
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F

f

vV = —

^zkct -k +z
r fct
^f~f

Where s 0 is the dielectric constant of vacuum and 8 is the relative dielectric
constant of the solvent, z/and c/are valence number and density of fixed charge group
within the gel.
Coupling of the equations was carried out following the same procedure as
explained in section 3.2 , which gives the fixed charge concentration inside the
hydrogel and resulting osmotic pressure is given by equation 3 .VII

3.7.2

Simulation
This

simulation

assumed

the

use

of

poly(N,N-dimethylacrylamide)

(PDMAAm) based hydrogel , with covalently immobilized GOx and the catalase,
immersed in an isotonic phosphate buffered saline (PBS) solution with pH-7.4[61].
The PDMAAm based hydrogel contains the sulfonic acid -S02N-H" attached onto
the polymeric networks, which has associated pKa value that characterizes the
volume phase transition for smaller pH change. The immobilized GOx within the
hydrogel reacts with the surrounding glucose solution and convert it into gluconic
acid. This reaction produced more H + ions that ionize the sulfonic acid groups on the
polymeric network that reduces the internal pH and alter the diffusion of mobile
species from the solution. Thus, ionization of the sulfonic acid group on PDMAAm
hydrogel builds up the ionic concentration difference inside and outside the hydrogel.
This change in concentration produces osmotic pressure, which results in deformation
of the hydrogel.
The properties of the hydrogel used in the simulation are listed in Table 3.1.
Since the oxygen level in blood is constant in human body, the oxygen concentration
surrounding the hydrogel is also taken as a constant and fixed at 0.274 mM.
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Table 3.1: Constants and parameters
Suffix
Glu
Ga
Ox
Na
CI
H
Diffusion co-efficient(rrf/s)
A, = 9.31xl0 9
Ar/u=D ea =9.31xl0 9
Dox = 2.29x10 9
Cf= lOmM
zf=-\
Ci

C N a = Sodium ion concentration
Cci = chlorine ion concentration
^=0
cenz = in mol/cm3
r
Kox = 6992 (mM)
Kgiu = 0.6178 (mM)
Vmax = S60xcenz (mol/s/cm )
K=lO'bl!mM
£ = 0 . 6 1 - 1 MPa
^0 = 0.8
F=9.6485xl0 4 (C/mol)
R = 8.314 (J/mol/K)
T=310(K)
£-o = 8.854xl0" 12 (C 2 /Nm 2 )
ff=80
i^/« = - l , u ox = - l / 2 , u £ a = 1

3.7.3

Description
Glucose
Gluconic acid
Oxygen
Sodium ion
Chlorine ion
Hydrogen ion
Hydrogen ion
Glucose and Gluconic acid
Oxygen
Fixed charge density
Valence number
Concentration of ito ion
138mM at initial condition
138mM at initial condition
Electric potential
Concentration of enzyme
rate of glucose oxidation reaction
Michaelis-Menten constant
Michaelis-Menten constant
Maximum reaction velocity of the
glucose oxidase
Equilibrium dissociation constant
Modulus of elasticity
Volume fraction of water phase at
initial condition
Faraday's constant
Universal gas constant
Body temperature
Dielectric constant
Relative dielectric constant of
hydrogel
Stoichiometry constant

Glucose sensing results
The COMSOL simulation was performed following the procedures used in the

previous simulations. As discussed in section 3.6, the immobilized enzymes react
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with the diffused glucose and produces the gluconic acid. Thus it is important to
understand the variation of glucose and oxygen, followed by the gluconic acid
profiling, which can lead to the understanding of the actual glucose sensing
performance of the gel. As the pH induced full swelling transition of the chosen
hydrogel is reported to have occurred in the range 6.5-7.5, [61, 62] these studies were
confined to this pH range. Some of the variables chosen in this simulation are similar
to those used by Luo et al. [62] to facilitate comparison between the two methods of
simulation.
The glucose concentration is taken as constant at 7.7mM, while the
concentration of the oxygen was kept at 0.274mM in surrounding solution. Initially at
the start of the simulation, the glucose and oxygen concentrations were taken as zero
inside the hydrogel. The profiles indicate the diffusion of the glucose and oxygen in
the gel depending on the environmental pH. The concentrations of glucose and
oxygen molecules reduced, as the environmental pH increased. It is wellknown that
the solute diffusivity is regulated by pH changes. As the pH is decreased, number of
protons available within the gel also reduced. This might activate the enzyme reaction
and consume more reactants i.e., glucose and oxygen in this case. This may be the
reason that both glucose and oxygen have shown a similar trend. Figure 3.30 and
figure 3.31 shows the variation of glucose and oxygen inside the gel for different
pH values.
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Figure 3.30: Glucose concentration profile inside the hydrogel
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Figure 3.31: Oxygen concentration in the hydrogel
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The variation of gluconic acid concentration inside the gel is simulated to
understand the glucose oxidase reaction kinetics. The gluconic acid concentration
profile in the gel with the pH in the range 6.8-7.4, obtained in this simulation is
plotted as shown in figure 3.32.
Figure 3.32 shows that the gluconic acid concentration decreases with pH. As
more glucose and oxygen ions combining to form gluconic acid, one can expect a
higher concentration of gluconic acid inside the gel, while the concentration of the
available oxygen molecules reduce. This process leads to diffusion of glucose in the
hydrogel and reaches to equilibrium when reaction is complete, which is evident from
a close observation of figure 3.30, 3.31, and 3.32
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Figure 3.32: Variation of gluconic acid Cga inside the hydrogel
In order to understand the variations in the concentrations of glucose, oxygen
and gluconic acid, the profile of pH variation inside the gel is studied. It may be
noticed that the pH in the hydrogel is marginally smaller than the pH of the
surrounding solution. This may be attributed to the two diffusion processes occurring
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in the gel. The glucose and oxygen diffuse into the gel and in the presence of glucose
oxidase and catalase, the glucose oxidation produces gluconic acid and H ions within
the gel. The gluconic acid diffuses out of the hydrogel. These two processes occurring
simultaneously could cause a small change in the pH. However, the pH value is
almost constant throughout the gel volume.
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Figure 3.33: pH profile inside the hydrogel
Figure 3.34 shows the fixed charge profile inside the gel at different pH
values. This figure clearly shows that the fixed charge concentration increases, as pH
is increased. It is known that the degree of ionization of fixed charge groups is
modified by the pH of the surrounding solution. Increment in the solution pH might
have promoted the diffusion process, resulting in higher electrostatic potential within
the hydrogel. This would attract more mobile ions, and enhance the swelling to a new
equilibrium state
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Figure 3.34: Fixed charge density profile inside the hydrogel
The swelling characteristics of the gel are studied in the following stage, to
understand the effect of pH. Figure 3.35 shows the gel expansion for different pH
values. It clearly shows that the gel expands linearly withpH.
Due to change in concentration,

the association of the mobile ions to

sulphonic acid group on the hydrogel network is limited by the glucose-and its
oxidase reaction, which produces the osmotic pressure difference. This would cause
the gel swelling as discussed earlier.
This simulation of the hydrogel expansion in response to the glucose
concentration is very much in agreement with some of the results reported. However,
this will be the first time that the glucose sensing characteristics of the hydrogel were
simulated using simple finite element software. Further, these studies will help in
designing and engineering the 'polymeric gels' with higher sensitivity.
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Figure 3.35: Displacement of the hydrogel
Hydrogel being environmental stimuli responsive, embedding nanoparticles
would make them magnetically sensitive. The ferrogel actuation under different
stimuli along with the presence of the magnetic field is challenging. As an example if
pH is varied in the applied magnetic field then the FEM formulation would required
to couple fourth equation, which is Maxwell's equation. The swelling has to couple
with the magnetic field generated force term. In this case, the convergence for one pH
would be depending on four internal coupling parameters (three terms are electric
potential, osmotic pressure, and hydration, which we have discussed earlier and
fourth is magnetic force). As this is being large deformation problem, moving mesh
needs to be used. The whole problem became very complex to analyze, therefore left
for future exploration.
In the following stage, these hydrogel simulation studies are extended to
ferrogels actuation under applied magnetic field. As discussed in the literature review
section 2.2, so far no software tools are readily available to simulate the ferrogel
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characteristics in different environments. The most important environmental
parameter for the study of ferrogels will be magnetic field effects. This study
attempted to simulate the effect of a given magnetic field on the ferrogel response.

3.8

Ferrogel Actuation Simulation
The equations used for evaluating the response of this nonlinear magneto-

elastic material and the coupling methods are discussed further.
The ferrogel response analysis is similar to the pH problem because of the
large deformation expected. The fundamental important relationship between the
applied magnetic field and the magnetization/magnetic induction is known to be

H is the magnetic intensity vector
B is magnetic induction vector
M is magnetization vector
This Magneto-elastic material is assumed to be non-conducting so the induced
current effect may be neglected and the magentostatic field equation can be written as
JB-nds = 0 and JHdx = 0
an

S 2f>

5

div(B) = 0,

cur/(H)

= 0

For the large deformation problem the moving configuration can be written as
BL=J-

F^B,

HL =

FTH

Above equation is in a Lagrangian form. To represent moving large
deformation, this may be rewritten as:

J-xCBL=Mo(HL+ML^
C is the Cauchy-Green deformation tensor.
J is Jacobean of deformation matrix.
From the solid mechanics point of view the stress induced by magnetic field is due to
traction and body forces.
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The momentum equation is
div(cr) +pf=pv,
Traction is equal to
1 = <y-n
div(cr) + p.f

+

fm=0

where fm is magnetic volume force, f is body force per unit mass and c is
stress, p is fixed mesh frame which is equal to p0 multiply by inverse of Jacobean
(deform frame).
A

t the boundary of the body the total stress tensor is
f -n = 7

Based on above equation the Maxwell stress tensor in the absence of the material is

f = /u0[B®B-±

BB

/]

This isotropic material may also be characterized by additional invariant, which can
be found using the mechanical properties of a hyper elastic material.

3.8.1

COMSOL implementation
The COMSOL simulation implemented in this case by using the modules:

A. Reference Frame
1. Plane strain (smpn)
B. Moving mesh frame
1. Perpendicular induction current, vector potential (emqa)
2. Moving mesh (ALE)
A 2mm x 1mm ferrogel strip assumed for this modeling. For large
deformation, the moving mesh ALE module is used. The Maxwell's stress equation
used for coupling between structure and magnetic analysis modules. The deformation
is used in moving mesh module for coupling the magnetic properties in a moving
mesh frame.
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Figure 3.36: Simulation of ferrogel deformation in a magnetic field
Figure 3.36 shows the simulation of the ferrogel strip in an applied magnetic
field. The magnetic potential is applied on the ferrogel strip at the bottom and top. A
field of 1.5 T is applied on the ferrogel strip. The deflection due to the applied
magnetic field is around 250um. These studies on ferrogel simulation require a more
thorough analysis taking the magnetic and viscoelastic properties together.
This is a non linear hyper elastic material and the deformation is large. The
simulation of this material is complex and time consuming. It involves the
magnetostatic, structure mechanics and moving mesh modules in COMSOL. Due to
wide scope of the study, the detailed analysis is not pursued. However, the author has
demonstrated the feasibility of the simulation.
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3.9

Summary
This chapter presents the results of simulation of the hydrogel in steady state

and transient condition. The fixed charge concentration and electric potential profiles
were provided in varying conditions. The drastic change in concentration at the
boundary of the hydrogel is handled using an inbuilt smoothing function, which is
important for any FEM software based analysis to get a converged solution. Due to
non-linear behavior of the equations, the simulation was carried out based on
coupling of fixed charge concentration. The concentration profiles match with the
other published numerical solutions and experimental results. The curvature values in
the electric-field sensitive hydrogel are in agreement with the experimental and
numerical results. One of the important differences of this research is that the analysis
is carried out in 2-D, while the reported literature so far confined to one-dimensional
analysis. Transient analysis is another major achievement of this simulation work.
These simulations are extended to include the blood glucose response of other types
of gels. Preliminary results presented on the simulation of ferrogels are quite
promising and demonstrate the feasibility of using the same software tools for
coupling the magnetic field equation, the NP equation, the Poisson's equation, and
mechanical field equations.
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CHAPTER 4
SYNTHESIS AND CHARACTERIZATION OF NANOCOMPOSITE GELS

This chapter describes the synthesis, process optimization and characterization
of the nanocomposite gels prepared using ferrite nanoparticles. As the nanocomposite
gels studied in this work concerns with the hydrogels incorporated with magnetic
nanoparticles, these will be referred to as ferrogels. The hydrogel is nisopropylacrylamide (NIPAM) based, with Fe304 and y-Fe203 magnetic nanoparticles
used for ferrogel. Synthesis of the ferrogels requires a clear understanding of the role
of starting precursors and their influence on the properties of the prepared ferrogels.
As these ferrogels are meant to be used for making actuators, they need to have
superior magnetic properties. Magnetic properties of these ferrogels mainly depend
on the particle distribution and their agglomeration characteristics, once the materials
were selected. The process parameters that are known to influence the nanoparticle
distribution are the cross-linking density and particle concentration. The initial part of
learning the ferrogel synthesis involved the variation of the composition of the
precursors and preparation of a reproducible ferrogel with identified concentrations.
The later optimization was based on Design of Experiment (DOE) method, involving
the variation of crosslinking ratio and particle loading concentration. As magnetic
field synthesis is one of the important extraneous factors that can also help in
modifying particle distribution, this has been included as another parameter within the
DOE process. This Synthesis process and the details of DOE methodology are
described in this chapter. This follows with information on magnetic field design and
its analysis. Fine tuning of the synthesis process was carried out initially. However,
this fine tuning and optimization of synthesis process required the use of different
analytical techniques. Hence, an overview of the characterization techniques
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employed and technique specific sample preparation methods used are described at
the outset, before presenting the details of the synthesis process and its optimization
later in the chapter. Actual characterization results and the conclusions of different
synthesis experiments were presented at the end.

4.1

Characterization Techniques and Sample Preparation Methods
These studies used four important characterization tools namely Ultra Small

Angle X-ray Scattering (USAXS), Transmission Electron Microscopy (TEM), DCSuperconductor Quantum Interference Device (DC-SQUID) and Difference Scanning
Calorimetry (DSC). These techniques provide the information on particle distribution
and agglomeration characteristics, magnetic properties and transition temperatures.
Figure 4.1 provides the details of characterization tools employed in this study to find
different properties of the hydrogel.

Magnetic Property

DC-Squid

Figure 4.1: Characterization techniques employed and the properties analyzed
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4.1.1

Ultra Small Angle X-ray Scattering (USAXS)
USAXS is a technique, where monochromatic high energy X-rays are

scattered through the sample to be analyzed. The scattering of x-rays at small angles
originate from the spatial fluctuations of the electron density within the material. The
number of photons scattered is measured as a function of the scattering angle (0),
which is expressed in terms of a vector called scattering vector. (A.-wavelength of the
x-rays used)
q = —Sin{OI2)

(4.1)

A, .

The value of q indicates the dimension of the scatterers that has unit of
reciprocal length. This technique is used for the determination of the nanoparticles
distribution in the dilute form of polymeric system. It can determine the shape, size,
amount, distribution characteristic, uniformity, and surface to volume ratio in
scattering volume. For a dilute system containing N uniform particles per unit
volume, the interparticle interactions can be neglected and \{q) mainly depend on the
shape and size of the particles. l(q) = N(F(g))2, where F(q) is the coherent sum of the
scattering amplitudes of the individual scattering centers within the particle given by
the Fourier transform of the electron density distribution. The intensity from the
spherical particle can be written as following.
f

IM) =

2

2

29(s\n(qR)-qRcos(qR))

^

(4.II)

ID

Where v is total volume occupied by sphere with radius R and p0 is uniform density.
For N numbers of particles with different diameter can be written by the equation 4. II
as following.
(4.111)

Kq) = IM) iV + £]Texp(-/$ry*)
rjk = rj - rk, r j is the position of the center of the /

sphere relative to an arbitrary

origin. Where the first term in right hand side in equation 4.III is N represents
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independent scattering from the particles, while second term represents the correlated
scattering between the particles.
However, the relation for I( q) is modified for different situations and leads to
Guinier's Law and other forms.
The characterization of the ferrogels was performed in this work using the
synchrotron radiation at the Advanced Photon Source, Argonne National Laboratory,
Argonne, IL-49009, USA. This instrument records wider range of the angle and
therefore it is possible to have the q -range covering up to 4 decades (1.2xl0"4 A0_1<|
q |<0.1 A0"1). The change in slope at 10"2 (A0-1) typically represents the particle sizes.
This instrument does not need secondary calibration with a broad range of the
intensity (4-5 orders of magnitude).
The schematic of the USAXS instrument setup in slit-smeared geometry (1Dcollimation) is shown in figure 4.2. All experiments were done using 12 keV energy
monochromatic beam.
Initially, the ferrogel samples were prepared on plastic molds as planar
samples. The samples prepared on plastic modes did not provide uniform thickness.
This has lead to an uneven geometry, which makes the analysis difficult. In contrast,
samples prepared in glass capillaries were found to be very uniform. Another
advantage with capillary samples is that many samples can be made in a single run by
inserting a number of 1 mm diameter glass capillaries in a large vial, which is not
possible with mold samples. Hence, glass capillaries are used for preparing the gel
samples for USAXS analysis. A sample holder is designed to suit the mounting of
glass capillary gel samples in a batch mode, which can accommodate 40-50 samples
and can facilitate an automatic measurement of all these without outside control. The
small-angle scattering data obtained for different samples were reduced and analyzed
using Indra [136] and Irena software respectively.
Maximum Entropy [136, 137] method, implemented in Irena, was used to
convert the measured USAXS data into volume of scatters versus size distribution in
a given range. In the analysis of particle size distribution, particles were assumed
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spherical. Background subtraction was found to be subjective and vary from sample
to sample, which is always maintained close to baseline. Scattering contrast is found
to be one of the factors that need to be determined accurately within Irena software,
which otherwise can lead to errors in volume fraction estimations. Typical scattering
contrast values for Fe3C>4 and Fe203 are 690 and 590 respectively. Density of the
hydrogel is assumed 1.13 g /cc, while the density of the nanoparticles is ~ 5 g /cc.

|>hdtb<iiod6
fitetector
USAXS
inriager

|

|
S< if 1;1 <W??pi
analyzer crystals

Si (111 or 220)
collimating
crystals

2D!slits

Figure 4.2: Schematic of USAXS instrument in slit-smeared geometry at beam-line
32, APS, Argonne National Laboratory [136, 138, 139]
The sample holder and the beam set-up were arranged such that the probing
X-ray beam is incident across the thickness of the glass capillaries in a reproducible
way. Sample positions were examined carefully before the actual analysis run to
ensure the precise positions of probing volume.

4.2

Electron Microscopy
Electron microscopy is one of the most important characterization tools that is

essential (a) to provide a direct visual evidence of the nanoparticle distribution across
the sample cross-section (b) to confirm the validity of the USAXS data and its
analysis (c) to obtain complimentary information that cannot be obtained from
USAXS (for example, Inter cluster and aggregate distance and their uniformity).
Though initially the system is used in Scanning Electron Microscope mode, finally
the transmission electron microscope (TEM) mode is found to be ideal for
understanding the particle distribution. A JEOL TEM (JSM-7500F, JEOL, USA)
located at Center for Nanoscale Materials, ANL, Chicago, is used for the examination
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of all the samples. The SEM is used in TEM mode with 30 KeV energy ion beam
with 8 mm working distance. However, one of the major challenges in using this
technique is the complexities involved in sample preparation. As an example, a bulk
powder sample needs a different procedure compared to a thin film. The ideal
situation is to analyze the sample in hydrated condition, which is achieved by
infiltration of embedding resin. The sample preparation methods used and the other
relevant system information are presented in this section.

4.2.1

TEM sample preparation
Preparation of a sample for TEM is always a complex process, which depends

on the material. A polymeric material requires a different method compared to a
metallic material. A polymeric sample is conventionally sectioned to ultra thin slices
using microtome (commonly used for the analysis of bio-tissue and other materials)
to facilitate the transmission electron microscopy (TEM) analysis. Further, the
techniques used for preparing the sample also depend on its state.
In this research, the ferrogel samples were required in the form of thin layers
(typically with a thickness of few tens of nanometers). As it is difficult to prepare
such thin samples, it was decided to section the bulk samples prepared in 1 mm glass
capillaries. In order to section these to thin slices, the ferrogel was immobilized in a
chosen polymeric resin. This is essential as the ferrogel in dried condition is very
brittle and cannot be cut easily without shattering the material. Hence, PMMA is
chosen as the host matrix resin for immobilizing the ferrogel.

4.2.2

Preparation of the sample in Poly Methyl Methacrylate (PMMA)
The ferrogel samples prepared in the capillary were dried by leaving it in

atmosphere for at least 3 days. The sample preparation involves a simple procedure,
in which, a 1 cm long dried ferrogel (taken out of the glass capillary) is taken in a
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2ml of Methyl methacylate (MMA) liquid with 20mg of Azo Bis-Isobutyronitrile
(AIBN) was dissolved. This is placed in a capsule vertically to facilitate cutting to
thin slices transversely after solidification. This was heated by dipping it in Dl-water
bath at 50-60°C for 4 hours. The dried sample of ferrogel has now swelled to its
original volume in the presence of the MMA (and AIBN) solution. At the same time,
complete polymerization of MMA is also ensured during this period. The sample then
taken to ultramicrotome for sectioning.
These samples were sliced using Ultracut UCT (Leica micro-system, USA)
Ultramicrotome with diamond knife. Electronic cutting feed controller is used to
make samples with different thicknesses. The thickness was estimated by the color of
cut sample surface floating in water. The cut sections transferred to the TEM grid for
observation.

Figure 4.3: The TEM image of the ferrogel sample prepared embedding in PMMA
resin
Figure 4.3 is the TEM micrograph of the ferrogel sample prepared. This
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shows the nice distribution of nanoparticles in the gel. The white regions within the
nanoparticle distributed area could be attributed to the charging of the surface because
of the exposed insulating surface of either the gel or the PMMA. The white
rectangular area in the upper right corner of the TEM image is formed as a result of
focused e-beam on an earlier occasion, while trying to observe at a relatively higher
magnification. This can be said to have occurred due to prolonged e-beam exposure.

mam

30.0KW-Tgn •

Figure 4.4: The TEM ferrogel sample prepared using PMMA is showing (hole)
material loss and drifting during beam exposure
During the observation in the microscope, the prolonged exposure of the
sample can break the thin section. Figure 4.4 shows the region where the beam broke
through carbon film and created a hole, which resulted in subsequent change in
contrast as indicated by the arrow. Though this is a novel technique, it requires further
optimization of the sample preparation process and is currently being investigated by
our collaborators at Center for Nanoscale Materials (CNM), Argonne National
Laboratory, IL, USA. Next section describes a different procedure followed to
prepare the sample using commercially available resin called LRwhite.
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4.2.3

Sample preparation using LRwhite resin
LR White is a widely used resin in TEM sample preparation, especially of soft

polymer samples and this is used for all the samples reported in this work. LR White
is first catalyzed with a given chemical. The dried ferrogel is soaked in this catalyzed
LRwhite resin for at least 3-4 hours for uniform swelling. The swollen sample then
taken in to a gelatin capsule (~1 inch long and !4 inch diameter) and placed it in such
a way that the length of the gel sample aligns to the length of the capsule. Sample is
solidified in two different routes. In the first method, a chemical provided by the
manufacturer (along with LR white) is used to solidify. In less than an hour the
solidification should be completely done. However, in case it wasn't complete, the
sample was kept in an oven for an hour to complete the polymerization process. In
the second method, pure thermal solidification method was explored. In this method,
the capsule is placed in a convection oven at 60°C for 24 hours. Thermal
solidification process was found to be ideal, especially in solidifying the entire
volume of the capsule.
Figure 4.5 (a and b) shows the grid used in TEM study and the sliced sections
of samples in the thickness range 50-100 nm were placed on S2/7 Quantifoil grids.
The Quantifoil substrate is required to support a thin carbon film, which by itself is
too fragile to span the copper grid square.
The major grids are made of copper having dimensions 90 x 90 urn2 with the
minor carbon grids spanning over 7x7 um area.
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Figure 4.5: Ultra microtome sectioned samples on the TEM grid (A) low
magnification view of thin sections of ferrogel embedded in PMMA. (B)
higher magnification image of the ferrogel section, small grids are
carbon grid beneath copper mesh
Following section discusses the DC-SQUID measurement techniques, and
sample preparation.

4.3

DC-Superconducting Quantum Interference Device (DC-SQUID)
Magnetic Measurements
Magnetometers are one of the best tools to measure the magnetic properties of

materials, such as Coercivity, saturation magnetization, retentivity, and susceptibility.
Superconducting Quantum interference Devices (SQUIDs) are very sensitive vector
magnetometers, some of which have a detection resolution of magnetic fields as small
as 10"15 Tesla or one femto-Tesla. As the ferrite nanoparticles are super paramagnetic
and the ferrogels prepared in this work have very small magnetic moments,
characterization of these materials requires reasonably high sensitivity and hence a
SQUID magnetometer is an ideal choice for this work.
Quantum Design's Magnetic Properties Measurement System (MPMS-XL)
was used for all magnetic property measurements in this research. This system
provides a Field Uniformity of 0.01% over 4 cm, with a measurement sensitivity of ~
1-2 x 10"8 emu @ different field values. MPMS system operates at high vacuum and
to prevent contamination in the chamber it requires vacuum tight sealing of wet
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samples [140]. This is achieved by placing the ferrogel rod in middle of glass
capillary and sealing its ends by fusing them at high temperature. More importantly,
experimental samples usually require mounting to a sample holder, which has
materials that contribute a background signal. Thus, it is important to design a sample
holder that provides a minimal background. For this purpose, the capillaries are
mounted in the drinking straw, which has uniform thickness over the entire length
[140-142].
The prefabricated hydrated ferrogel samples in glass capillary are taken at
room temperature (~20°C). At this temperature, the ferrogel samples are in swollen
condition and it is difficult to retrieve in the form of rod without damaging them.
Therefore, the gel samples are recovered out of the capillary in a shrunken state by
heating them in water bath above LCST by placing them in warm water over a
hotplate. With low-pressure air, the ferrogel samples are retrieved in warm water
bath, which further cut into small 3-5mm length with sharp scalpel in a Petri dish.
In DC-Squid measurement the sample has to be mounted in the middle of the
capillary, to provide a uniform background. This is achieved carefully by vacuum
sucking of the sample rod at a temperature higher than LCST, with the help of a small
vacuum system. These samples are cooled down to room temperature followed by
sealing their ends using a propane torch. These individual hydrogel capillaries are
again sealed in a plastic drinking straw by crimping the ends using sandwich bag
sealer, which further placed in straw holder. Figure 4.6 shows the preparation of the
capillary sample and final sample.
Ferrogel
/Capillary
I
DI-Water
Sealed End

c:
Figure 4.6: Typical DC-SQUID sample
Similarly, the magnetic measurements of all nanoparticles used for preparing
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the ferrogels were carried out, by taking a known weight of the particles in a gelatin
capsule and fixing in a plastic straw. Similar procedure was followed for all the
magnetic measurements using the DC-SQUID. The details of the DC-magnetization
measurement are explained in following section.

4.3.1

DC magnetization measurement
The MPMS design integrates a SQUID detection system, a precision

temperature control unit that is residing in the bore of a high-field superconducting
magnet, and a data acquisition system attached to computer. MultiVu software
controls measurements, collects the data and analyze them. The maximum sample
size is 9 mm with an operational temperature range of 1.9-400 K
The sample (capsule for bare particle samples or capillary for ferrogels) is
inserted in a plastic straw at the center. This straw is placed in the chamber, where
three gradiometer pick-up coils are located vertically. It was ensured that the sample
is suspended exactly at the center of the gradiometer [140, 141]).
Ideally, the gradiometer pick-up coil picks up the magnetic susceptibility
signal from a sample moving through. In order to obtain the most accurate
measurements, it is important to keep the sample susceptibility constant over its
length to avoid distortions in the SQUID signal. It is also important to keep the
sample close to the magnetometer centerline to get the most accurate magnetic
measurements.
After programming the scanning sequence in MultiVu, the sample is ready for
measurement. It is necessary to make these measurements of all the gel samples in
hydrated state. Otherwise, the shrunken gel samples would slide down to bottom of
capillary due to gravity. Therefore, the temperature of the chamber is fixed at 293K to
keep the sample hydrated. After completion of the scan, M vs. H curve can be
imported or plotted using EXCEL or any other graphical software.

86

4.4

Differential Scanning Calorimetry
Differential scanning Calorimetry (DSC) is a thermo analytical method for the

characterization of phase transition temperatures in material. It measures temperature
and heat flow associated with thermal transitions in a material. This is one of the very
commonly used techniques to measure thermo-physical properties of polymeric and
other materials. DSC is a technique in which the difference in the energy input to a
sample and reference are measured as a function of temperature. It compares the rate
of heat flow to the sample and to a reference (an inert material), which are heated or
cooled at the same rate. Changes in the power that are associated with absorption or
evolution of heat, causing a change in the differential heat flow is recorded as a peak.
The area under the peak is directly proportional to the enthalpy change and its
direction indicates whether the thermal event is endothermic or exothermic. Both the
sample and reference are maintained at nearly the same temperature throughout the
experiment. Assuming the heat capacity of the reference is known, one can determine
others.
For hydro or ferrogels, Liquid Critical Solution temperature (LCST) is
measured using DSC instruments. This study used DSC 823e from METTLER
TOLEDO with cryostat facility, which gives ±0.2K accuracy in temperature
measurements. Further details about the techniques are reported elsewhere in the
literature [143-145] . The reference used in this study is empty aluminum pan.
The DSC sample preparation is quite simple and easy to make. l-4mg
Hydrogel samples are cut and sealed in 40ul, light weight aluminum crucible using
crucible sealing press. Measurements were carried out after moving the sample to
DSC furnace on the sample stage. Temperatures of the sample and reference stages
are monitored accurately.

4.4.1

DSC measurement
The DSC measurement was performed in such a way that the temperature of
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operation is divided into three segments. A computer program was set-up so that the
temperature is raised from 15°C to 55°C at 5°C/min heating rate in the first segment,
while the furnace temperature is maintained at a constant value of 55°C for 5 min in
the second segment. Third segment is intended to cool the furnace from 55°C to 15°C
at the same rate as heating. Computer data acquisition system acquires the data and
plots the sample temperature with respect to Input Energy in real time mode which
can be evaluated using in built STAR6 software and can be saved/exported in desired
file format.

4.5

Synthesis of the Ferrogel

Ferrogel prepared in this study was synthesized following a conventional process.
The precursor solution was prepared in Dl-water of N-isopropylacrylamide (ACROS
chemicals, 99% MW: 113.15, crystal form, NIP AM) and N, N'-Methylene-bisacrylamide (ACROS chemicals, 99% MW: 154.16, crystal form, BIS). In all these
experiments, 1.2015 M final concentration of NIP AM is used. Preparation of ferrogel
started with mixing 0.0923 gm of FesCU nanoparticles (Sigma Aldrich inc. 99.5%,
-20 nm) with 2ml of 0.05M BIS and 2 ml of MP AM solution. This solution was
sonicated for 1-3 hour. Final hydrogel solution is prepared mixing above solution
containing NIP AM, BIS and magnetic nanoparticles with 25ul of Ammonium per
sulfate

(APS, a free

radical initiator) (2mM) and 50ul of N,N,N',N'-

Tetramethylethylenediamine (TEMED, as catalyst) (5mM). The procedure is
optimized for providing a reasonable gelation time (at least 10 min), which enables
the uniform distribution of the magnetic nanoparticles within hydrogel. These
solutions purged with compressed nitrogen to remove dissolved oxygen before
mixing with APS and TEMED. All the samples kept for 18-24 hours before
performing any characterization.
Above mentioned procedure is an optimized process of synthesis. Initially
magnetic nanoparticles were dispersed first in the BIS solution by sonicating for 1-2
hours. Followed by NIP AM solution of chosen concentration is added to the BIS

88

solution with magnetic nanoparticles. 200uL of TEMED and APS solution is added
to the above BIS + NIP AM + nanoparticle solution for gelation. The gelation was
done on individual molds and capillaries. The plastic molds are circular reservoirs
and 1 inch in diameter with approximately 1mm thickness, which were covered by
gluing the plastic leads on top. While adding the TEMED and APS with the NIP AM
solution, this arrangement does not allow thorough shaking and mixing of these
components, which makes gelation non-uniform and difficult to maintain the uniform
thickness of the molded sample. This makes the nanoparticle distribution nonuniform too. To have better distribution, it is important to fix the nanoparticles in the
network and therefore, the time between sonication and gelation should be very short.
To promote better distribution, the sonicated solution was vigorously shaken before
adding APS and TEMED to the gel precursor. The molded samples are difficult to
shake and uniform mixing of APS and TEMED is difficult. The particle distribution
as obtained from USAXS analysis confirmed the lower quality of gel with nonuniform distribution. Therefore, further gel samples were prepared in capillaries in
place of molds.
It can be noted, that in this process sonication is done in two steps. Magnetic
nanoparticles (of known weight) were placed in 1 ml of DI water. This was sonicated
for an hour to get a good dispersion of the particles in the fluid. This was added to the
NIPAM+BIS solution and again sonicated for one and half hour. The second
sonication step provided the uniform distribution of the particles in the NIPAM+BIS
solution, before this was gelled by adding APS and TEMED.

4.6

Process Optimization
In order to utilize the interesting properties of the magnetic colloids

effectively, one has to repeatedly be able to synthesize the gels with uniformly
distributed magnetic nanoparticles. As the distribution and orientation of magnetic
nanoparticles is critical in determining the overall magnetic moment of the ferrogel,
this will be the key in realizing efficient actuation with larger force or higher
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displacement. Hence, this section describes the improvements made to the fabrication
process that assisted in realizing relatively better particle distribution in ferrogels.
USAXS analysis is used as the main characterization tool in determining the particle
distribution. Some of the USAXS results verified using direct evidence from electron
microscopy techniques.
USAXS analysis of the sample shown in figure 4.7 (a, and b) indicates the
distribution of three different particle sizes. The original USAXS spectrum is shown
in figure 4.7(a), while the figure 4.7(b) shows the analyzed spectrum that was plotted
between particle size and their volume distribution. The primary peak in figure 4.7(b)
@ 18 nm represents the single magnetic nanoparticles present in the hydrogel. Two
strong peaks at around 38 nm and 110 nm are indicative of the presence of the
agglomerated particles of two sizes as shown on the logarithmic scale on x-axis.
Electron Microscopy pictures of the ferrogel synthesized with the same
magnetic nanoparticles (size < 20 nm) are shown in figure 4.8(a & b). Figure 4.8(a) is
a low magnification (35 K) picture of the ferrogel sample, while figure 4.8(b) is a
higher magnification image (100K). These two pictures clearly showing at least three
different particle sizes with agglomeration seems to be taking place in a couple of
ways. The majority of agglomerated particles can be considered spherical (circular in
the picture) with an average size of 40 nm. In other areas of the same micrograph,
agglomeration of the small particles to each other is seen. In addition, few big
particles of size greater than 100 nm (circular) are also observed.
However, the single and agglomerated particles looks like randomly
distributed as can be seen from figure 4.8(a).
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Figure 4.7: Size distribution of particles generated from USAXS data of the ferrogel
sample with ferrite nanoparticle loading of 8.75%
As noted above, this analysis was performed assuming spherical particles. As
per the synthesis, ferrite particles should constitute approximately 8.75% by weight of
the ferrogel. The concentration of the ferrite nanoparticles in the ferrogel is decided
based on their weight percentage only. The above interpretation of the USAXS data
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well correlates with that of electron microscopy study.
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Figure 4.8: TEM micrographs of the sample with Fe2C>3 particle loading (8.75 wt%)
at different magnifications (a) 35K (b) 100 K
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Figure 4.9: Comparison of USAXS data of three hydrogel samples prepared under
similar conditions (a) small-angle scattering data (b) size distribution
spectra derived using Maximum Entropy
In the next stage, the reproducibility of the synthesis procedures followed is
tested. In this case, the USAXS data of three ferrogel samples I, II, and III were
synthesized in the same conditions were compared as shown in figure 4.9 (a and b).
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Figure 4.9(a) shows three graphs with the scattered particle intensity plotted against q
vector. These represent a typical USAXS data measured on the ferrogel samples.
Figure 4.9(b) is the volume size distribution analysis data. Samples I, II, and III are
prepared separately in the same ran and USAXS is done at different points on these
samples. These samples were prepared under the same cross-linking conditions with
the same particle concentration. Analysis of the data for particle volume distribution
showed the existence of two particle sizes, which account for almost 70 - 80% of the
total ferrite particle volume. Two particle agglomerations seem to be the most
predominant among the agglomerated particles. These samples differ in their particle
size distribution within ±5% to each other. This provided us the confidence in
repeating the synthesis and corresponding USAXS analysis under varied conditions.
Figure 4.10 shows plots of the USAXS data obtained for three samples prepared
using different concentrations of APS and TEMED with no variations in the
procedure followed.
Following paragraphs explains the evolution of the process. Here three
samples are prepared at different conditions and its distributions are compared.
Sample prepared in run-A exhibited significantly lower scattering intensity
overall and increasing scattering intensity dominating the lowest q values. This type
of behavior is consistent with presence of large-size particles, larger than the
maximum size measurable directly by USAXS (about 2 um), which cannot be fully
quantified. In comparison, the samples prepared in runs B and C, showed smoother
distribution of scattering intensity indicating size distribution more confined to the
USAXS-measured size range. These samples also match each other well. This
predicts predominantly smaller-size particle distribution. Moreover, the intensity
values are higher than the Run-A, concludes greater amount of particles in the
sample. This analysis clearly shows the particle size volume distribution in sample
prepared in run-A is non-uniform compared to the later two samples. These attributed
to the respective synthesis procedures and their composition. In preparing the first
sample, APS and TEMED (200 ul each) was used in excessive amount, which
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resulted in rapid gelation process that did not allow enough time for a uniform
particle distribution. During the synthesis process, as it is observed that around 90%
of gelation was complete in less than half a minute. The rate of polymerization could
be higher, due to the high concentration of APS used in this sample. It was shown in
earlier studies [103, 146-149]. Higher concentrations of initiator would result in
shorter chain lengths of polymer, which in turn affects the cross-linking. These
factors together seem to have affected the particle distribution in this sample.

0.0001

0.001

0.01
q [A1]

0.1

Figure 4.10: USAXS data of three samples prepared under different conditions (APS
and TEMED concentrations in samples prepared in run- A 200ul each,
run-B: 75ul each and Run- C: 25&50ul respectively)
Subsequently the samples in runs B and C were prepared using lower
concentrations of APS and TEMED. In Run-B, the amount of APS and TEMED used
was 75ul, while this was reduced to 25 and 50ul in the run-C. The procedure also
modified slightly later, after the run-A. In run-B & C, the samples are sonicated for 1
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hour, immediately after mixing the APS and TEMED. Each time, solution was
purged with compressed nitrogen for 15 min to remove any dissolved oxygen before
mixing. In run-A it was observed that the gelation occurred immediately as soon as
APS and TEMED were mixed in the solution, whereas it took 1 to 3 minutes in the
subsequent runs, which would have given enough time for particles to distribute over
the entire hydrogel volume.
Further, the USAXS data of Run-A sample, showed quite predominant single
particle distribution, while the samples from Run-B and Run-C have more
agglomerated or aggregated particle distributions. In specific, Run-B sample
indicated larger two-particle agglomeration than single particles, while the Run-C
sample has more aggregated particles in its distribution. These concentrations as well
as procedural differences seem to have caused the observed changes in the USAXS
data from Run A to C. Single particle distribution in these samples varied in the range
26% to 39.25%. This study clearly shows the importance of the analytical techniques
like USAXS and TEM in optimizing different parameters and procedures during
synthesis, especially in the context of achieving uniform distribution.
Samples are also analyzed at different points of the glass capillary (which is
typically 3" long) vertically for the gel quality and reproducibility. Figure 4.11 shows
the sample for 8.75% by wt. nanoparticle loading concentration analyzed at three
different points 5mm apart from each other on 20mm long ferrogel sample. The
USAXS analysis was performed using the same procedure as was done earlier. These
ferrogel samples prepared using Fe3C>4 ~15nm particles
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Figure 4.11: Single sample analyzed at three different points to check the quality and
distribution within same capillary respect to height for 8.75 % by wt.
There is a small difference in single particle distribution for the PI sample. The non
uniformity seen in these samples may be due to synthesis or due to USAXS data
noise. In any case the discrepancy is within 10% at particular point on the curve,
however the area under the curve difference is within 5%.
Once the reproducibility of the samples are within acceptable limit, the
composition of the gel is changed and the effect of various parameters i.e.
crosslinking ratio, particles loading and synthesis conditions. Following sections
discusses the method employed to evaluate these parameter systematically.
The above section described the details of the procedure in synthesizing and
preparing ferrogel using ferrite nanoparticles of around 20 nm. The particle
distribution studied using Ultra Small Angle X-ray Scattering and electron
microscopy of selected samples. After ascertaining the USAXS data using
transmission electron microscopy, we also ensured the repeatability of the process
and analysis. Further, in this study USAXS has successfully used to document the
particle distribution effects with some manufacturing methods that resulted in nonrepeatable chemistry. This study is also useful in optimizing the manufacturing
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method by modifying the concentration of TEMED and APS, at the same time
adopting minor procedural changes. In conclusion, the composition of the initiator
(APS) and catalyst (TEMED) in the hydrogel within a given range along with the
procedures adopted in the fabrication such as sonication and nitrogen gas purging
strongly influence the nanoparticle distribution in the hydrogel. APS produces the
free radicals and promote the polymerization. Dissolved oxygen in Dl-water acts as
free radical killer, which ultimately stops the polymerization activity. N2 purging
removes dissolved oxygen and helps the polymerization process to progress. This
process is done on solution before gelation/polymerization.
Magnetic properties of the ferrogel are depending on different parameters, like
cross-linking ratio, magnetic particle loading, and magnetic field strength.
Crosslinking ratio is varied by varying the overall BIS concentration within the gel.
To reduce the number of samples and to investigate the effect of interaction between
these three parameters, Taguchi L16 Design of Experiment (DOE) technique is used.
The details of the parameters selected and the overall matrix of samples is described
in the following section. Please refer appendix for the information on materials used
in this research.

4.7

Design of Experiment
This section explains the design of experiment matrix proposed in these

investigations. In the Design of experiment the cross-linking ratios were fixed at 1.5,
2, 4.5 and 7.5 and magnetic nanoparticle loading concentrations were 1.25, 2.5, 8.75
and 14 respectively.
Table 4.1 shows the level parameters for all the three identified variables,
namely the crosslinking ratio and the percentage of the magnetic particles by weight.
The prepared samples experimental matrix is shown in Table 4.2. There are two sets
of samples prepared without and with magnetic field. Table 4.2 shows the parameter
values for normal synthesis process (without magnetic field) and Table 4.3 refers to
magnetic field synthesized samples. The combination of Table 4.1 and 4.2 gives four
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different sets of sample for each cross-linking ratio and in total 16 samples plus 4
clear hydrogel samples for each synthesis run. It would have required 64 samples.
Table 4.1: Levels of parameters
crosslinking
ratio

Level of
Parameter

Magnetic
Particles

% of loading
Level of
Parameter

Magnetic
Parameters

X(1.5)
A (2.5)
B(8)
C(10)

1.5
2
4.5
7.5

0
1
2
3

1.25
2.25
8.75
14

1
2
3
4

Magnetic
Field
parameter
Coil Voltage
2.5V
5V
12V
20V

Table 4.2: Taguchi LI 6 for experiment for normal synthesis
Exp No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

CR

2
2
2
2
2
3
3
3
3
3
4
4
4
4
4

MP
1
2
3
4
NA
1
2
3
4
NA
1
2
3
4
NA
1
2
3
4
NA

Table 4.3: Taguchi LI6 for experiment matrix for magnetic field synthesis
Exp No
1
2
3
4
5
6
7

CR

2
2

MP
1
2
3
4
NA
1
2

Magnetic field
1 (25G)
2 (50G)
3 (100G)
4(225G)
clear hydrogel
3 (100G)
4(225G)

Table 4.3 - Continued
8
9
10
11
12
13
14
15
16
17
18
19
20

2
2
2
3
3
3
3
3
4
4
4
4
4

3
4
NA
1
2
3
4
NA
1
2
3
4
NA

1 (25G)
2 (50G)
clear hydrogel
4(225G)
3 (100G)
2 (50G)
1 (25G)
clear hydrogel
2 (50G)
1 (25G)
4(225G)
3 (100G)
clear hydrogel

Magnetic field effects during the synthesis can be estimated reliably, once the
field distribution is known clearly. In order to understand these effects, the field
distribution is studied for both the field configurations. To study the effects of
magnetic field the experimental setup was developed and these are discussed in the
following sections.

4.8

Synthesis Under Magnetic Fields
Ferrite nanoparticles are magnetic field sensitive and application of low

magnetic fields to the gelating material can potentially affect the particle distribution
and their orientation. Based on this concept, the gelation process is carried out under
custom-made dipole electromagnet. The electromagnet with C-type pole face
arrangement and the test-tube vial arranged at the center of the space between the
pole faces is shown in figure 4.12.

100

r
Figure 4.12: C type core electromagnet for perpendicular magnetic field synthesis
The magnetic field using this dipole magnet provided an uneven distribution
the particles being strongly polarized and distributed non-uniformly in the test tube.
As a result, particles are attracted towards the pole faces, which are clearly seen in the
test tube. The effect of the magnetic field on distribution of the particles is
investigated using the USAXS.
Figure 4.13 shows the comparison between different synthesis methods.
Synthesis under C-type electromagnet shows different peaks of distribution (Open
Square), while the synthesis process carried out under Helmholtz coil, which is
discussed in following section.
Another magnetic field configuration used in these studies was based on
Helmholtz coils. Helmholtz coil setup consists of two similar circular coils separated
by a distance lower than its radius, which is shown in figure 4.18. It is difficult to
achieve high magnetic field using 4-5 inch diameter coil. In order to produce high
magnetic field the coil requires to be cooled constantly. Therefore, the diameter of
these coils is selected such that the at least one test tube can be placed inside the coils
easily.
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Figure 4.13: Comparison of different methods of synthesis of Fe203 (20-3Onm)
nanoparticles using 250 G magnetic strength
Section 4.10 discusses the design process and magnetic field distribution in
the coil used. The details of the experimental setup and the effect of various
parameters are discussed in following section. Using above synthesis procedures a
separate set of samples is prepared under this field. The particle distribution inside the
ferrogel was confirmed by USAXS, and TEM. The distribution of particles using this
synthesis method is improved.

4.9

C-Type Pole Face Configuration Magnetic Field Synthesis
The author has built C-type electro magnet using 25x25 mm2 cross sectioned

soft steel square bar. The designed gap was 25mm. The estimated magnetic field was
200Oe. The magnetic field strength is calculated using the relation,
HC + gj=nxI
Where B = magnetic flux density
H = magnetic field intensity
L = total length of the core
g = air gap
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n = number of rums
I = current flowing through circuit
T ra = total magnetic flux = B x A
A = Cross section area of the bar
B=

MoJutH

f
B

-L + ^ g = T n

M0Mr

Mo

T

_ A

L
= nxl
A// 0 // r -+-A" 0

Using above equation, the number of turns in the coil are calculated. Finally,
the electromagnet was fabricated using 20 gage copper wire with -2000 turns on the
bar. The ferrogel samples are fabricated and the particle distribution was analyzed.
Since, the magnetic field was non-uniform due to wide pole gap; the distribution was
polarized between two poles. Therefore, it was decided to do synthesis in uniform
magnetic field.

4.10

Helmholtz Coil Configuration Based Magnetic Field Synthesis
Helmholtz coil is the other magnetic field configuration used for magnetic

field synthesis of the ferrogels. This kind of field configuration is expected to help the
suspended nanoparticles to align during gelation, which can potentially result in
uniformly distributed magnetic nanoparticles within the ferrogel. The Helmholtz coils
are designed and made to specifications derived from the calculation. The diameter of
the coils is determined based on analytical calculations and designed is checked by
numerical simulation using COMSOL multi-physics software.
According to Biot-Savart's law,

electromagnetic field due to a single wire

loop is

2(R2+x2Y'2
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If nl is the total current for a loop with n turns, then the relation becomes
n-^-I-R2
2(R2+x2)m

In a Helmholtz coil the two loops are R/2 distance apart. Incorporating this in
to the above formula,

B_

Mo-*'*2
2(R2+(R/2)2f2

The design criteria for the coils were to have optimum magnetic field without
significantly increasing the temperature of the wires. In such designs, it should be
noted that the larger wire diameters result in increased joule heating of the coil, as the
resistance increases with wire diameter. Similarly, coil diameter also affects the
magnitude of the field generated as shown in figure 4.14. Based on these calculations,
two coils with an internal diameter of 18mm and outer diameter of 34mm were
wound for this purpose. Figure 4.14 show magnetic field coil diameter in meter at
different temperature. It is observed that the field value decreased as the diameter is
increased. B (D, N, 1A) represents the magnetic flux density is function of diameter
D, number of turns on coil N, and current flowing through the coils 1A. Finally, two
coils are fabricated with 26-gage wire and with 900 turns on the plastic bobbins using
wire-winding machine.
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Magnetic Field Density V/s Dia of Coil
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Figure 4.14: Magnetic field variation with respect to the coil diameter and current for
Helmholtz coil experimental setup
While a simple analytical calculation was sufficient for determining the
diameter of the wire, numerical simulation is necessary to determine the flux
distribution around the coils. Hence, COMSOL multiphysics software was used for
this simulation to ascertain the field uniformity. Figure 4.15 shows the 3D simulation
of the field distribution at 0.3 amps of coil current.
Figure 4.15 depicts the results of the 2D axis-symmetric cross sectional view
of 3D simulation of the field using Helmholtz coils. Two rectangles are coils and the
right most color map represents the contours in the figure in magnetic potential in
(N/A), while the left color map shows magnetic flux density. The magnetic potential
and flux density shows uniform colors, which indicates the uniform magnetic field.
The contour spacing is smaller inside the coil and higher outside the coil, which
represents uniform to diminishing distribution of the field.
Figure 4.15 shows that the magnetic potential and flux density does not vary
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in the central portion of the coil. This simulation shows that the maximum flux
density (75mT) is produced at the center of the coil at a current of 0.3 Amps, The
field values predicted by these calculations were verified by measuring the flux using
a hall probe magnetometer. The calibration curve for the magnetic field produced
with respect to the applied coil voltage/current is given in figure 4.16.

, fi : M^«rfc;ilp^alyfttoo».|iaTj i^ew:Ma^etK;flux;<iensii!;, .

Mm*,-76,7Wf

;MM;,0,O285t

Figure 4.15: Field distribution of coils setup used in synthesis of ferrogel
This clearly shows a linear relationship between the applied voltage and the
produced magnetic field strength. This calibration was obtained by measuring the
magnetic field strength at the center of the coil at different applied voltages to the
coil, using an external power supply. This shows a linear variation of the field with
the power input. This calibration is used to determine the field, during all the
synthesis runs.
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Figure 4.16: Calibration of coil with respect to the magnetic field for the Helmholtz
coil

(a)

(b)

Figure 4.17: Experimental setup of synthesis of ferrogel and orientation of capillary
in between the coils (a) design and (b) experimental
The figure 4.17 (a, and b) show drawing and the experimental setup of the
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Helmholtz coil experimental setup respectively. The capillary inside the test-tube
show the ferrogel sample synthesizing under applied magnetic field. The field
strength is ensured by use of hall probe shown in the figure. Actual experimental
setup used in this experiment is shown in the picture in figure 4.18.
The sample prepared in the presence of the magnetic field shows better
distribution, which is discussed in following chapter. After sonication the particles
under Brownian motion tend to align themselves in an applied magnetic field. Actual
extent of this interaction depends on the number of particles and the strength of
magnetic field. This helps in the fabrication of ferrogel with reasonably uniform
particle distribution.

Figure 4.18: Experimental setup used for the synthesis of ferrogels in uniform
magnetic field
Samples with same particle concentrations and other parameters were
prepared under normal condition and in presence of magnetic field, to facilitate
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comparison between the samples fabricated under these two conditions. The ferrogel
is being a hyper elastic material it is necessary to understand the effect of magnetic
field on distribution. Following sections discuss the effect of magnetic field on the
distribution of the particles inside the ferrogel. A separate experimental setup was
designed for the USAXS experiment.

4.10.1 USAXS analysis under applied magnetic field
Synthesizing the ferrogels in magnetic fields is one of the unique
contributions of this research. However, it will be difficult, at times, to understand the
particle kinetics during gelation. Analysis of the particle distribution after the gelation
is complete, may not provide all the information required in understanding the actual
effect of magnetic fields on the particle distribution. Hence, an exploratory
experiment was conducted to understand the particle distribution changes by applying
magnetic field during USAXS analysis. Figure 4.19 (a, and b) show the pictures of
the experimental setup used for USAXS measurement under applied magnetic field.
The magnetic field was set at a point before starting USAXS scans.
As shown in figure 4.19, in the USAXS analysis in the electromagnetic field,
the sample is mounted perpendicular to the pole faces. The EM coil is water cooled
by NSLAB water bath temperature controller. The sample is mounted with the help of
the plastic holder fixed on the coil. The ferrogel is placed such a way that the sample
stay in the center of the air gap (3 mm) between the pole faces. Parafilm seals one end
of the capillary and the other end is left open to ensure the free movement of the
ferrogel due to high magnetic field.
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Figure 4.19: (a) Experimental setup of USAXS measurement under applied
magnetic field, (b) view of the same USAXS analytical setup 1. EM coil 2. Ferrogel
Sample 3. Photon detector 4. downstream Si collimating crystals 5. Stepper motor for
alignment
The USAXS instrument has facility to adjust sample in the path of the X-ray
by changing its orientation in any of the three axes. The coil current and magnetic
field calibration curve is presented in figure 4.20, which is found linear throughout
the range. The samples were analyzed at different field values and the results are
discussed in the following chapter.
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Figure 4.20: Calibration curve of electromagnetic coil used in USAXS analysis under
magnetic field experiment
4.11

Summary
This chapter mainly focused on the description of experimental setup used in

the synthesis and characterization of the ferrogels. Characterization techniques used
in this work were reviewed with respect to the principle, important features of the
technique, sample preparation methods used or developed, and finally the precautions
taken in setting up the experiment as well as the care taken in interpreting the data.
Gel synthesis methodology with respect to the composition of different components
and parametric variables has been explained in detail. Information on the ferrogel
synthesis in magnetic fields, one of the important contributions of this research, is
presented along with the experimental arrangement and magnetic design aspects. The
effect of synthesizing the ferrogel in two different magnetic field configurations is
discussed. Details of the design of experiment methods adopted in determining the
effect of crosslinking ratio, particle loading contributions and magnetic field synthesis
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are provided. Finally, the experimental setup of USAXS analysis of a ferrogel sample
under a magnetic field is described. The results of the detailed analysis of all these
experiments are discussed in the following chapter.
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CHAPTER 5
CHARACTERIZATION RESULTS AND DISCUSSION

The synthesis and process optimization in the fabrication of the ferrogel has
provided an opportunity to study and understand the intrinsic (cross-linking ratio,
particle size and concentration) and extrinsic (application of magnetic field during
synthesis) parametric effects. This chapter focuses on the results of a systematic study
of the ferrogel characteristics such as particle distribution, magnetization, and phase
transformations with respect to the synthesis conditions. As explained in the previous
chapter, ferrogels were prepared using Fe304 and y-Fe203 particles. The effect
of cross-linking and ferrite particle concentration was studied using Design of
Experiment methods based on statistical techniques. These experiments were limited
to Fe304 particles only. However, different particle sizes were used to determine the
size effects on the volume distribution and agglomeration. Following the discussion
of these results, the effect of functionalization on the particle agglomeration/
aggregation resulting in some kind of cluster formation within the gel is analyzed. In
the next stage, the characteristics of the ferrogels prepared using Fe304 and Fe203
nanoparticles were compared and relative merits of using each of these particles are
discussed in detail. In the final section of the chapter, the characterization of the
ferrogels synthesized in normal conditions was explained in contrast with those
prepared under different magnetic field conditions. Particle distribution and their
volume fraction (USAXS and TEM) effects were correlated to the variation
of magnetic properties (DC-SQUID) and LCST (DSC).
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5.1

Effect Of Cross-Linking and Particle Loading on the Ferrogel
Characteristics
This section focuses on the characterization of the ferrogel prepared using

Fe304 nanoparticles. It aims to understand the effect of the cross-linking and the
particle loading on the ferrogel characteristics. Design of Experiment (DOE) is one of
the most popular methods of statistics, which is useful in reducing the number of
variables and the related experiments in a given study. The samples were synthesized
following Taguchi orthogonal array (LI6). ANalysis Of VAriance (ANOVA) method
is used wherever the full factorial combination of parameter samples is available and
Taguchi method is used when the LI6 matrix is applicable.
The ferrogels prepared using four different cross-linking ratios (X(1.5%),
A(2%), B(4.5%) and C (7.5%), the letters represent the sample codes used) and four
magnetic nanoparticle concentrations (0(1.25%), 1(2.25%), 2(8.75%) and 3(14)%, the
numbers 0, 1, 2 and 3 represents sample codes) were characterized for particle size
distribution,

transition

temperature

and

magnetic properties.

The

sample

nomenclature follows the sequence X0, XI, X2, and X3 for samples with a crosslinking ratio of 1.5 and particle concentrations 1.25%, 2.5%, 8.75%, and 14%
respectively. Same methodology used to represent different samples. Samples
prepared in the uniform magnetic field will have a 'LP in the sample name. Following
section discusses the results of characterization using these methods.

5.2

Particle Distribution Analysis of Fe304 Nanoparticles Based Ferrogel
This section will present the results on particle distribution in ferrogels with

varying cross-linking ratios and particle loading. Ferrogel samples were also prepared
with different particle sizes from 20nm average size to lOnm average size.

5.2.1

Ferrogels prepared with Fe304 nanoparticles of size ~15nm
The ferrogel samples were prepared using Fe304 magnetic nanoparticles of
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size around 15 nm , following the procedure described in section 4.5. These samples
are analyzed using TEM and USAXS and the details of the results are discussed
below.
Figure 5.1 shows the TEM image of the nanoparticles used for preparing the
gel. The particle size variation and distribution information obtained from the TEM
images is plotted in figure 5.2. The histogram is plotted from the raw data of diameter
range and particles available, while the superimposed curve represents the Gaussian
fit of histogram, which shows a peak @ 16 nm. The data indicated that the Fe 3 0 4 has
narrow Gaussian distribution with significant tail at the end. The mean diameter is
-15 nm. This data is useful for the interpretation of the data on ferrogel samples.
Further information about the particles is provided in appendix.
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Figure 5.1: TEM image of Fe 3 0 4 particles used for preparing the ferrogel
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Figure 5.2: Particle distribution plot for the FesCU nanoparticles, with the data
obtained from the TEM image
Figure 5.3 shows volume distribution of the particles with respect to their size
for four different particle loading conditions at a cross linking ratio of 1.5%
(represents samples - X set). The spectra shown in figure 5.3 are derived from the
USAXS data of the sample. The most striking feature of these four spectra (of the
samples prepared with 1.25%, 2.5%, 8.75% and 14.25%) is that the peak representing
the particles of size -26-28 nm appears to have highest volume fraction. As the
original particle size (shown in figure.5.1) is around 15 nm, the peak at 28 nm seems
to be indicating an agglomeration of two particles together. Similar data obtained
from the samples prepared with different cross-linking ratios of 2, 4.5 and 7.5 and at
all four particle loadings is tabulated in table 5.1.
Table 5.1: Irena results of USAXS data for Fe3C>4 ~15nm ferrogel samples
synthesized under no magnetic field
Crosslink-

Percentage

ing ratio

Loading

X

0

Peakl

Peak 2

Peak 3

Peak 4

0.00060609

0.0013037

0.00058706

0.0011981
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Table 5.1 -continued
Crosslink-

Percentage

ing ratio

Loading

X

Peakl

Peak 2

Peak 3

Peak 4

2

0.0028237

0.0072142

0.0041788

0.0042291

X

3

0.0044252

0.015665

0.0061111

0.01009

A

0

0.0016296

0.003181

0.001428

0.0031634

A

1

0.0025944

0.0041961

0.0025488

0.004074

A

2

0.0036564

0.007871

0.003564

0.006542

A

3

0.0055179

0.0147752

0.0058106

0.010819

B

0

0.0017467

0.0034748

0.003002

0.00244

B

1

0.0024398

0.0052864

0.002509

0.0066609

B

2

0.0033589

0.0083322

0.0036161

0.0071729

B

3

0.0065048

0.01852

0.0098341

0.013006

C

0

0.0013288

0.0025065

0.0024026

0.0024932

C

1

0.0019683

0.003498

0.0036524

0.0028684

C

2

0.0029466

0.0066855

0.0040836

0.0073744

C

3

0.003896

0.013617

0.005497

0.0094838

Table 5.1 shows the volume fraction of the magnetic nanoparticles calculated
from the USAXS data using the Irena package [136] for the samples with all the four
cross-linking ratios. It may be observed that the second peak is prominent in all the
cases with higher volume fractions.
Inputting the data analyzed from USAXS, statistical analysis was carried out
inMinitab 15 statistical software.
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Figure 5.3: Volume size distribution analysis data obtained from USAXS analysis
for samples with a cross-linking ratio of 1.5 and having different particle
loading
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Figure 5.4: Volume fraction plot for single particle distribution of DOE ferrogel
samples with Fe3C>4 nanoparticles
Figure 5.4 shows USAXS results for volume fraction of two-way ANOVA
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interaction analysis for single particle distribution observed in all samples. In this
figure, volume fraction is represented on Y-axis, with the level parameters taken on
x-axis. The legends for both the plots were shown in the boxes on the right. Bottom
graph is representing the effect of the cross linking on single particle distribution,
while the graph on upper right hand corner depicting the effect of the particle loading.
In the interaction plots, the parallel lines show no interaction between those
parameters and the lines deviating from each other shows interaction between those
parameters. This can be interpreted as the graph showing a minimal effect of crosslinking on the single particle distribution, while the particle loading seems to have a
more significant effect.
Volume Fraction of Two Particle Agglomerations
Data Means
0

1
1- 0.020

Figure 5.5: Volume fraction plot for two particle distribution of DOE ferrogel
samples with Fe3C>4 nanoparticles
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Figure 5.6: Volume fraction plot for three particle distribution of DOE ferrogel
samples with Fe3C>4 nanoparticles
Typically, cross-linking is known to affect the gelation time, at the same time
increasing the length of polymeric chains [114]. When the gelation times are too short
or too large, they tend to affect the particle distribution. In this case, with in the
chosen cross-linking ratios, the single particle distribution is not affected a great deal.
This analysis has been extended to include the peaks that represent possible two,
three, and four particle agglomerations. These were shown in figure 5.5, 5.6, and 5.7
respectively.
In all these samples, the USAXS data indicated that two particle
agglomerations are relatively more predominant compared to others. In terms of
interaction plot data, no significant interaction has seen between the two parameters.
However, there are clear indications to say that the particle loading effect is more
pronounced as seen in single particle distribution analysis. This can be explained
considering one of the curves in the plot depicting the cross linking effect. For
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example, taking curve 2 (with particle loading - 2.5%), the variation in volume
fraction from cross-linking ratio X to C is approximately 1%. In contrast, the change
in volume fraction is more than twice for a similar percentage change in particle
loading.
Volume Fraction of Four Particle Agglomerations
Data Means

Figure 5.7: Volume fraction plot for single particle distribution of DOE ferrogel
samples with Fe3C>4 nanoparticles
The particle volume fraction effects observed in these samples through
USAXS analysis is confirmed in TEM analysis.
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(a)

(b)

Figure 5.8: TEM images of (a) Al (b) CI- ferrogel samples
Figure 5.8 (a, and b) compares the TEM images of the samples with different
cross linking A and C. The particle loading is maintained at the same value of 2.5%
with the particle size around 15 ran. The main difference between the two samples is
seen in the way the particles clustered or aggregated. Both the images confirm the
USAXS results, which also indicated predominant single and two particle
distributions. Sample C shows number of clusters of particles separated by large gaps.
In contrast, sample A exhibits more well spread particles, with smaller clusters. The
major difference between the sample A and C is the difference in cross-linking ratio,
which is changed from 1 to 4.5. In sample C, it may also be observed that the clusters
appeared to form like chains. These effects can be attributed to the increased chains
and network like structures within the gel, as cross-linking ratio is increased. Another
interesting variation observed previously was that of pore sizes with respect to crosslinking. This may be because of the changes in pore size in the hydrogel.
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Figure 5.9: TEM micrograph showing the pore size along with the nanoparticles for
Al sample
These studies showed that the pore size reduces as the cross-linking ratio increases.
Pore sizes of around 3.4 - l.Oum were observed for the cross-linking ratio of 1-12%,
similar to that noticed in the present work. However, the sizes of these pores are
much larger than the agglomeration and aggregates. Though at this stage the effect of
pore size on particle agglomeration is not very clear, this aspect may need a more
systematic study by varying the pore sizes in the range of the size of the
agglomerates.
Further, the cross-linking ratio effects on the transition temperature of the gel
are investigated using DSC following the methods explained in section 4.4.
Figure 5.10 shows the calorimetry data for X2-Fe 3 0 4 . At 34°C, the phase
change starts and ends at 37.5°C. The maximum peak is at 35°C, which is the phase
transition temperature. The samples were heated at constant rate of change of
temperature measured with reference sample.
Table 5.2 summarized the changes in Lower Critical Solution Temperature
(LCST) of the hydrogel and ferrogel in inert atmosphere. As the cross-linking ratio
increases, the LCST of the gel also increases. However, this increase in the LCST is
very small. Similar effect is observed by other researchers too [150]. The effect of
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particle loading on LCST has also been studied in this work. The LCST has changed
marginally, which is within ±0.3°C with increasing particle loading.

Onset
Peak Height
Peak
Extrapol. Peak
Endset
Peak Width
Heating Rate

33.71 °C
0.58 mW
35.08 °C
35.02 °C
37.66 °C
2.19'C
8.00 "Cmin^-l

Figure 5.10: Typical DSC data plot of the ferrogel sample X2-Fe304
Table 5.2: DSC characterization of the hydrogel
Blank X 34.42
Blank A 35.37
BlankB

35.51

Blank C 35.75
The particle loading effect has also been examined by selecting a set of
samples that were analyzed by USAXS. TEM micrographs of one of these samples
are shown in figure 5.8 (a), which has 2.50% particle loading. Comparing this with a
sample having 8.75% particle-loading conditions, indicated mainly increased particle
concentration with similar agglomeration characteristics. This observation is very
much in agreement with the USAXS results presented earlier. Hence, further analysis
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of these samples is focused on magnetic characterization.
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Figure 5.11: DC-SQUID data of the ferrogel samples prepared using Fe^O^
nanoparticles (cross linking ratio of 2.5 with particle loading varied from
1.25 to 8.75%)
Magnetic properties of the ferrogels were analyzed using DC-SQUID as
mentioned in section 4.3. Figure 5.11 compares the magnetic moment plots for the
ferrogel samples prepared using FesCU nanoparticles (size ~20 nm) with loading of
1.25%, 2.5% and 8.15% respectively. Measured weight of the particles before the
gel preparation is used for magnetic moment calculations. These measurements were
performed on hydrated ferrogels at 25°C. The magnetic moment is calculated based
on the percentage of particle loading (or concentration) in the gel. The magnetic
moment of the Fe304 nanoparticles based ferrogel increased from 0 . 4 - 2 emu/g, as
the particle concentration is increased from 1.25 to 8.75%. However, the narrow and
symmetric hysteresis loops are indicative of the super paramagnetic nature of the
material [151]. This is a clear indication of the increased particle concentration within
the gel. This magnetic moment data is used to calculate the volume fraction of the
particles using a simple analytical approach, which would be helpful to compare the
USAXS data. The details of this Magneto granulometric analysis is further presented
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with results.

5.2.2

Magneto-granulometric analysis
Magneto-granulometric analysis is based on the particles size distribution for

calculation of magnetization or magnetic moment of the material. The Magnetogranulometric analysis was carried out based on particle size distribution from the
TEM image. The particles size measurement from the TEM image is done for 500
particles and the log normal distribution is carried out. The average particle sizes of
15nm, 20nm for Fe3C>4, and 25nm for y-Fe203 were derived from the TEM analysis.
This log normal distribution and average particle size is used in this analysis.
Following equation 5.1 is the probability distribution of the particles used in the
calculation based on the TEM image.

/0P)=

(5i>

^expf-j-lnCiV^)!
£)CW2TT

v

2cr

)

where D is diameter of the particle, a is the standard deviation; Davg is average
diameter of the particle.
This is being a paramagnetic material; magnetization curve follows Langevin
function theory, which can be written in equation form as below.

r(£) = coth(#)-4,

k T

*

(5.ii)

mi^n-/uB
Where nn, JUB, n, /u0, £& and T are the magnetization of individual particles, the
Bohr magnetic constant in Am2, number of molecules in one atom, the vacuum
permeability, the Boltzman's constant, and absolute temperature in K.
The ratio of magnetization is given as following
M

1TS

ou

= \T(4)f(D)dD

(5.III)
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Where M is the ferrogel magnetization and Ms is bulk magnetization. For the
nanoparticulates composite the bulk magnetization can be computed based on the
conversion ratio of the magnetic property, which is the ratio of magnetic solid in
suspension to the solid material suspension. Here 5 (0.832nm) is the layer of material
in which does not contribute towards the magnetization.
M, =M SB

•2.8

D
D,

(5.rv)

Where MSj MSB, Davg and 8 are the ferrogel magnetization, the bulk
magnetization, the average diameter of particles, and the nonmagnetic layer on the
particle. Based on the nanoparticles magnetization obtained from DC-SQUID, the
volume fraction is estimated using equation 5.1, 5.III, and 5.IV. Following figure 5.12
shows the comparison between synthesis, USAXS, and theoretically calculated
volume fraction for Y^Oi, particles with average size 15nm.
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Figure 5.12: Comparison of volume fraction variation with particle loading obtained
using magnetization data
This data is clearly showing an excellent agreement with the USAXS data,
which vindicates the accuracy of the current analysis using different techniques. Next
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section discusses the particle distribution analysis results for the gels prepared using
Fe3C>4 nanoparticles with sizes -20-25 nm. .

5.2.3

Analysis of the ferrogel prepared using Fe30 4 nanoparticles of size 25
nm
In previous section 5.2.1 particles of relatively smaller sizes were used to

prepare the ferrogel. In this section, the analysis of the ferrogel samples prepared with
nanoparticles having slightly higher particles sizes around 25 nm is discussed.

Figure 5.13: SEM image of Fe 3 04 nanoparticles used for preparing the ferrogel in this
experiment
Figure 5.13 show the SEM micrograph of the nanoparticles used in this
experiment, which clearly shows a larger range of particle distribution (15-40nm).
The TEM image is analyzed using Gwyddion software and size distribution is
estimated using that information. The whole image is analyzed and data was
transferred to Igor Pro 6.10 software for further statistical analysis, as was done in the
earlier case. Figure 5.14 shows the histogram that was plotted to understand the size
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distribution.
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Figure 5.14: Histogram showing size distribution analysis for the Fe 3 04 particles in
figure 5.13
Figure 5.15 shows the USAXS data for three samples of ferrogels prepared
using these Fe3C>4 particles with a cross-linking ratio of 2% and having nanoparticle
concentrations 1.25, 2.25, and 8.75% denoted as A0, Al, and A2 respectively.
Figure 5.15 (a) shows the raw USAXS spectra with the corresponding size
distribution data plotted in figure 5.15 (b). The change in slope at 10"2 (A0-1) typically
represents the particle sizes. The size distribution data presented for all three samples
(figure 5.15 (b)) indicates three sets of peaks at positions around 19.5nm, 36.5nm and
70nm. It can be noted that the peak positions are indicative of the particle sizes, while
the area under the peak represents the total volume fraction of the particles, as
explained in the previous section. The peak at 19.5nm represents the single particle
distribution, whereas the peak at around 36.5nm represents that of agglomerated from
two primary particles. There are some smaller peaks around 60 and 90nm, which may
represent agglomerates of 3 or 4 particles. The pattern suggests that the
agglomeration characteristics of the nanoparticles in the ferrogel remain same with
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increasing particle concentration. There is an increase in the total volume of particles,
which is proportional to the particle loading, as expected.
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Figure 5.15: USAXS results of three ferrogel samples prepared using the Fe3C>4
particle loading at 1.25, 2.5, and 8.75% (a) small-angle scattering data
and (b) size distribution spectra derived using maximum entropy
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Close examination of the results in figure 5.15 show five different peaks. The
ranges of these peaks are: 10-27nm, 27-50nm, 50-72nm, 72-112nm, and 112-250nm.
These ranges are considered to determine the area under the curves for different
peaks. It can be noted from the figure that the peak sizes for all three samples are
almost similar and the volume percentage for different range matches with each other.
According to the analysis, the volume fraction of the single particles constitutes the
largest percentage. The total surface area for the single domain particles is highest
among all because of their smaller size and large number. The percentage volume for
the second peak (27.3-50 nm diameter range) is the highest, which means two-particle
agglomeration is most predominant. Figure 5.16 shows the percentage of volume
fraction data for different system of agglomeration, which is represented by average
diameter on x-axis. The y-axis shows the percentage of the agglomeration system in
given sample. This figure shows three different percentages of particles loading (1.25,
2.5 and 8.75). It can be seen that the volume fraction of three or more particles
agglomeration is below 10%. The varying percentage of surface area for all three
samples indicates the wider range of sizes of the particles in the sample with
dominant single particles scattering. According to calculation 80% of scatterers
surface is covered with single particle domain and volume distribution for two
particles agglomeration system is highest.
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Figure 5.16: Percentage of volume for different peaks for Fe3C>4 ferrogel samples
Different particle sizes are investigated and they showed similar particle
distribution. Ferrogel samples prepared with particles of both sizes showed dominant
single particle distributions. It is very difficult to prepare samples with larger size
particles, because of sedimentation, which occurs rapidly compared to the smaller
size particles after sonication. However, it will be worthwhile to consider smaller
particle sizes for better distribution. Another possibility is to use the particles of
similar sizes that are coated with a surfactant. Hence, further analysis is concentrated
on Poly Vinyl Pyrrolidone (PVP) coated nanoparticles.

5.2.4

Ferrogel prepared using PVP coated Fe3(>4 nanoparticles (~15 nm)
This section intends to compare the bare particle distribution (without a

surfactant) to the particle distribution in the ferrogels using surfactant coated
particles. For this purpose, PVP coated Fe3C>4 nanoparticles from Nanoamor Inc.,
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USA were used to prepare the ferrogel samples. The properties of the particles are
given appendix, figure 5.17 and figure 5.18 showing the TEM images and
corresponding particle size distribution data plot respectively. The average size of the
particles as shown in the TEM image appears to be around 15nm. The histogram data
and the Gaussian distribution plot also indicate the predominant presence of particles
aroundl5-20 nm.

Figure 5.17: TEM image of Fe304 particles (source: www.nanoamor.com)
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Figure 5.18: Particle distribution of PVP coated Fe 3 0 4 particles
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5.2.5

Characterization of ferrogel samples prepared using PVP coated Fe3C>4
particles
Initially the particle size and distribution were determined using USAXS

analysis, as was done in the previous sections. Figure 5.19 shows the plot of size and
volume distribution of the particles obtained from the USAXS spectra. These samples
were prepared using a cross-linking ratio of 2.5 with different particle loading
concentrations. This shows the first peak is at 15nm, second peak is at 30nm and third
peak is at 45nm, which indicates the single, double and three particle agglomerations.
The functionalization increased the single particle distribution to 30% of its total
volume from 16% as mentioned in section 5.2.1. A similar effect is seen with all the
samples prepared (X, B, and C) crosslinking conditions.

100

1000
Scatterers diameters [A]

Figure 5.19: Irena results of the ferrogel prepared using PVP coated particles for the
A parameter of the cross-linking
Based on the results for other cross-linking ratio parameters, there are two
major peaks. Analyzing these samples for volume distribution, the data can be
presented in the concise form as shown in figure 5.20 and 5.21 divide to two
sentences. Based on the statistical analysis, the effect of cross-linking varies between
14-18%.
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Volume Fraction Plot for Single Particle Distribution
Data Means

Figure 5.20: Volume fraction plot for single particle distribution for PVP coated
Fe3C>4 ferrogel sample
Figure 5.20 shows the volume distribution for the PVP coated gel, which
shows similar distribution as Fe3C>4 based ferrogel without coating. However, the
whole distribution is divided in two peaks, which shows small improvement in the
distribution. Based on statistical analysis, the effect of crosslinking cannot be
quantified. The volume distribution changes with respect to change in cross-linking
and the percentage change is 14-18% for change in crosslinking ratio of 1-8%.
Similarly, the effect of particle loading on distribution is small. As the particle
loading increased, the samples showed better distribution. However the change in
single particle distribution within given range does not vary dramatically. . The
single particle distribution appears to be in the range 15-17.5%, for 1.25-9% of
particles loading.
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Volume Fraction plot for Two Particle Distribution
Data Means
0.03

BIS

r 0.02 - - • - - B
BIS
r 0.01

r 0.00

0.03

/
•
_»_

/

0.02

V

IMH^MM

Percentage Loading

-+-

Percentage
Loading
0
1
2
3

0.01 n

0.00 i

r

.X

A

-rC

Figure 5.21: Volume fraction plot for peak 1 for PVP coated Fe304 ferrogel

Figure 5.22: TEM image of A2-Fe304 (8.75% particles by wt.) sample
The TEM image of the ferrogel sample (A2) prepared with PVP coated Fe 3 0 4
nanoparticles is shown in figure 5.22. This show a distribution with the particle
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aggregated and clustered around. These aggregates appear to have nucleated around
small nanoflakes (which are around 200nm long). X-ray photoelectron spectroscopy
(XPS) analysis of these flakes show mainly carbon, oxygen and other small element
impurities. These did not show any metallic (for example: Fe) traces, which indicates
that these might have formed due to some kind of reaction during the ferrogel
preparation. However, the size of particles and agglomerates are in agreement with
respect to the analyzed values from USAXS.

5.2.6

Characterization of ferrogel samples prepared using surfactant coated
Fe3C>4 particles (size ~ 10 nm)
This section describes an interesting analysis of the ferrogel samples prepared

using lOnm size particles that were coated with an unknown surfactant procured from
Next Generation Therapeutic inc., USA. According to manufacturer specification, the
particles are around lOnm in size with narrower distribution. The ferrogel samples
were prepared using the standard procedures as described earlier, except for the fact
these were already dispersed in water (in form of ferrofluid). The NIP AM and BIS
were dissolved in proper quantity in the ferrofluid to achieve 2% cross-linking ratio.
Samples were prepared with 1.25%, 2.5%, and 8.75% particle loading concentrations
by adjusting the concentration of the ferrfluid. The presented USAXS data in the
figure 5.23 represents size and volume distribution of the particles. All the samples
prepared showed perfect single particle distribution, the particle range distribution
confirms the manufacturers' specification. The particles never showed any
sedimentation over time before gelation and no aggregation of the particles observed
in the gel samples. The small kink observed at the around 25-30 nm may still
represent a very small percentage agglomeration, which can be further minimized
with fine-tuning the synthesis process. For example, fine tuning of the synthesis of
particles to get desire range of nanoparticles.
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Figure 5.23: Size and volume distribution of the ferrogel prepared with surfactant
coated Fe3C>4 nanoparticles
Based on above analysis, it is inferred that the distribution of particles in the
ferrogel can be achieved via proper suspension of particles and with an appropriate
surfactant. The proper distribution is possible via control over the particle size and
dispersion.

5.2.7

Ferrogel prepared using y-Fe2C>3 particles
This section compares the properties of ferrogel samples prepared using y-

Fe2C>3 with those made using Fe3C>4. TEM image of the y-Fe2C>3 particles and the
corresponding histogram were shown in figure 5.24 and 5.25. One of the major
differences between the Fe3C>4 and y-Fe2C>3 particles is their agglomeration
characteristics. y-Fe2C>3 nanoparticles (even in the virgin state before forming a gel)
as observed from this TEM (figure 5.24) are agglomerated significantly, which was
not seen with Fe304 particles. As it can be seen from the figure, the particle sizes
vary from 15 nm to 100 nm. The histogram data is fitted by Gaussian fit and plotted
as a superimposed line in figure 5.24. The y-Fe2C>3

has broader distribution, with

15nm average particle size. However, it should be noted that there is a significant
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volume fraction of large agglomerates present in the particles.
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Figure 5.24: TEM image of y-Fe203 nanoparticles used for making the ferrogel
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Figure 5.25: y-Fe2C>3 nanoparticle size distribution
Next section discusses the results obtained from USAXS and other analysis
for y-Fe2<I)3 nanoparticles based ferrogel.
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5.2.8

Analysis of the ferrogel samples prepared using y-Fe2C>3 nanoparticles
The USAXS analysis of the samples showed typical single and two-particle

distribution, which were identified to be 19 nm and 35 nm respectively. The twoparticle agglomeration essentially results the scattered yield at 35 nm. In particular,
ferrogels were prepared using y-Fe2C>3 particles for two cross-linking conditions (2.5
and 4.5) and analyzed. The first peak in both the samples indicated 20% of total
volume fraction. It can be concluded from the analysis that for given cross-linking the
distribution is not affected.
Figure 5.26 shows the TEM image of A2 ferrogel sample at a magnification of
200K. The image clearly shows a broader agglomeration of the particles in the range
15-75 nm. This sample is prepared under normal conditions.

Figure 5.26: TEM micrograph of ferrogel sample (A2) prepared with y-Fe2C>3
nanoparticles
Figure 5.26 shows the TEM image of ferrogel sample (A2) prepared with yFe203 nanoparticles. The average aggregate size is around lOOnm. It may be observed
from the micrograph, the smaller particles are aggregated around the large particles.
Agglomeration, however, might have originated from the nanoparticles, as those
contain the agglomerated particles as shown in figure 5.24.
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Figure 5.27: DC-SQUID data of the ferrogel samples prepared using y- Fe203
nanoparticles
It may be observed from figure 5.27 that the hysteresis loop is sizable with an
observable amount of coercivity for the ferrogel samples prepared using y-Fe203
nanoparticles. Similar magnetization curves were observed for hydroxypropyl
cellulose (HPC) based ferrogel prepared using 7 nm y-Fe203 nanoparticles [108].
The y-Fe203 based gel with highest percent of loading showed an approximate
saturation magnetic moment 2.5emu/g at a saturated magnetic field strength of
~2000Oe. At a particle loading of 1.25%, this has reduced to almost 0.95emu/g with
an accompanied reduction in its saturation magnetization. The saturation
magnetization of the ferrogels increased proportionally with respect to the particle
concentrations. The relatively larger coercivity of the y-Fe2C>3 ferrogels may be
attributed to the difference in particle agglomeration. Interestingly, the measurement
of magnetic moment of the virgin nanoparticles revealed that the y-Fe203 has lower
value (58 emu/gram) compared to that of Fe3C>4 nanoparticles (65 emu/gram).
Further, the apparent reduction in magnetic moment of the nanoparticles for y-Fe203
from virgin particle state to ferrogel is proportional to their respective volume
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fraction, which is similar to the case of Fe3C"4.
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Figure 5.28: Comparison of the variation of magnetization data of the samples with
percentage of particle loading
The magnetization is varying linearly with percentage of particle loading and
this trend is similar in the gels prepared with different magnetic nanoparticles with
and without a surface coating. The gels prepared using coated nanoparticles showed
relatively smaller magnetic moment, which is in agreement with published results.
The magnetic moment for the ferrogel samples prepared using both FesCU and
y-Fe203 nanoparticles are performed on the hydrated ferrogels at 25°C. The magnetic
moment is calculated based on the percentage of particle loading (or concentration) in
the gel. The magnetic moment of the Fe3C>4 nanoparticles based ferrogel reduced
from 3.5-0.4emu/g, as the particle concentration is decreased from 8.75 to 1.25
percentage of particle loading. However, the narrow and symmetric hysteresis loops
are indicative of the super paramagnetic nature of the material [151].
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Figure 5.29: Volume fraction calculated from magnetization data of y-Fe203
nanoparticle based ferrogel samples
However, when the volume fraction of the particles in the gel is back
calculated based on the observed magnetic properties as explained in section 5.2,
these values are found to be very much in agreement. Figure 5.29 shows the volume
fraction variation with particle loading data in the range 1.25 to 8.75%. This clearly
shows the predicted volume fraction compared to the synthesized values, which
matches with each other within the given range of uncertainty.

5.3

Magnetic Field Synthesis
Synthesis in magnetic field is important with respect to altering the particle

orientation within the gel and modifying the agglomeration characteristics of the
particles. This can potentially change the overall particle distribution within the
ferrogel and hence expected to contribute in improving the magnetic properties.
Keeping this in mind, a number of samples were prepared with FeaCU particles with
and without coated surfactant layer and y-Fe203 particles without any coated layer on
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the top. Ferrogel samples prepared with Fe3C>4 nanoparticles at four cross-linking
ratios and four different particle loadings were also investigated for any possible
magnetic field induced improvement in the particle distribution.
Initially, the effect of magnetic field synthesis is analyzed by preparing a
sample in the presence of a magnetic field and in the normal conditions without any
magnetic field. Ferrogel sample A2 is synthesized in both conditions and analyzed
using USAXS. The comparison of the particle size and volume distributions of these
samples is provided figure 5.30.
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Figure 5.30: Size and volume distribution of the particles in ferrogel sample (A2)
prepared under normal conditions and within the magnetic field (225 G)
These results clearly show a difference in the particle agglomeration
characteristics as shown in figure 5.30. The presence of magnetic field has reduced
the predominant two particle agglomeration that is seen in the sample prepared
without any magnetic field during synthesis. This is considered one of the most
important advantages of magnetic field synthesis.
These studies were followed by magnetic analysis of the ferrogel samples,
which involved the use of a DC SQUID magnetometer. The magnetization
characteristics measured were shown in figure 5.31. This study indicated that there is
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an almost 10% increase in magnetization of the samples, when prepared under the
magnetic field.
Analysis of the samples prepared under different cross-linking conditions
showed that the effect of magnetic field is minimal. Similarly, increasing particle
loading concentrations have showed an excellent improvement in the particle
distribution with an associated increase in magnetization and other magnetic
properties.
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Figure 5.31: DC-SQUID data of ferrogel prepared in two different conditions
5.4

DOE Analysis
As pointed out in 5.1, the DOE analysis is important in identifying the

contributions of the selected parameters, namely the cross-linking ratio, particle
loading concentration and magnetic field synthesis. Figure 5.32 shows the effect of
different parameters on single particle distribution.
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Figure 5.32: DOE analysis of the single particle contributions of (a) cross-linking
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This data clearly shows that the cross-linking ratio (figure 5.32 (a)) and
particle loading concentrations (figure 5.32 (b)) contribute to a maximum of around
15 to 18 %, whereas this goes to 60% with respect to magnetic field synthesis (figure
5:32 (c)) depending upon the magnetic field strength and the amount of particles. This
provides an excellent tool, especially when it is necessary to alter the magnetic and
mechanical properties of these gels for different applications.

5.5

USAXS Under Uniform Magnetic Field
Figure 5.33(a) shows the USAXS data for Fe 2 0 3 sample for 2% cross-linking

ratio and 4% by wt. of nanoparticle loading. Figure 5.33 (b) shows the statistical
analysis of the data shown in figure 5.33 (a). Data represented by open circle, triangle
and square are for no applied magnetic field, 250 Oersted (Oe) and 700Oe applied
magnetic field respectively. There are five peaks in 0 Oersted data, while
agglomeration is higher for two particle system, which is represented in Table 5.3;
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rest of the peaks are having large system of agglomeration. Close observation of
250Oe curve in figure 5.33 shows that the two peaks which was seen in OOe data is
now merged and instead of giving just one peak, it has now combined and extended
the peak to approximately 20 nm in width. There is one smaller peak at 140nm for
that data with magnetic field analysis. X-ray scattering will treat particles in loosely
agglomerated system as one particle and really closer particles would give signature
in data as one particle. On application of the magnetic field, the interaction between
particles becomes so intense that particles creates clusters within their interaction
range and for the sample prepared under higher magnetic field produces only one
peak compared to low strength sample. Both data at 250 and 700Oe magnetic field
has peak around 47nm. This is approximately double the mean diameter of first peak
observed in OOe data. This shows that particle- particle interaction is dominated in
magnetic field and the double particles agglomeration is at rise under magnetic field.
Table 5.4 depicts the statistical analysis of the data for 250 and 700Oe
magnetic field. Largely -67% of scatterers volume is contributed by the single peak
however the surface area exposed to system is more than 98%, which really indicates
the majority of the particles are agglomerated or aligned and formed couplets.
Similarly, figure 5.34(a) shows the data for Fe304 ferrogel USAXS data and
Figure 5.34(b) shows the scatterers size range versus volume distribution. This
ferrogel has similar effect of agglomeration and distribution in the gel. The open
circles, open triangles, open square represents the data for OOe, 250Oe and 700Oe
respectively. The similar trend can be seen as shown in Figure 5.33. For 250Oe
magnetic field data the two peaks are merging together and has wide peak of ~20nm
at 39nm. As magnetic field increases the particle-particle interaction increases and the
whole system of ferrogel is margining into one particular type of agglomerated
system, which is two particle systems. The statistical result given in Table 5.5 and
Table 5.6 clarifies further.
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Table 5.3: Statistical analysis of the Al- Fe203 ferrogel at OOe magnetic fields

Peaks
1
2
3
4
5

Range of Peaks
Max Dia.
Min. Dia.
(A0)
70.00
273.20
273.20
497.30
497.30
728.00
728.00
1125.60
1125.60
2550.00

Mean Dia.
(A0)
274.10
447.80
631.50
883.20
1441.60

OOe
% of Total
Volume
26.51
33.73
13.25
13.25
13.25

% of Total
Surface Area
83.98
14.29
1.28
0.36
0.09

Table 5.4: Statistical analysis of the Al- Fe2C>3 ferrogel at different magnetic field
250 Oe

Peaks
1
2

Min.
Dia.
(A0)
70.00
857.30

Max
Dia.
(A0)
857.30
3000.00

Mean
Dia.
(A0)
477.80
1463.70

%of
Total
Volume
65.96
34.04

700 Oe
%of
Total
Surface
Area
98.91
1.09

Mean
Dia.
(A0)
470.80
1398.90

%of
Total
Volume
67.26
32.74

%of
, Total
Surface
Area
98.89
1.11

Figure 5.35 shows a typical TEM micrograph of the Fe304 nanoparticles
within the ferrogel samples prepared using a cross-linking ratio of 2% and particle
concentration of 4%. This image clearly shows a predominant two different particle
size distributions. A closer examination of the micrograph shows that sample contains
single-particles (~ 20nm) distribution and the agglomerated two-particle distributions
(~40 nm). This is in agreement with the USAXS analysis data (figure 5.34 (b) AlFe3C>4), which was also indicating the presence of single particle as well as two
particle agglomerated masses.
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A similar agreement of particle distributions between USAXS and TEM is
also seen in the case of y-Fe203 samples. The micrograph (Figure 5.35) also shows
the formation of small chain like structures, which cannot be predicted using USAXS
analysis. This clearly shows the advantage of having complimentary analysis like
TEM. It can be seen that the Fe3G4 particles are not only agglomerated but also
couplets are aggregated in large quantity, however the agglomerated Fe2C>3 particles
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are less aggregated, which also indicates the better distribution over Fe3C>4.
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Figure 5.35: TEM micrographs of the samples prepared at a cross-linking ratio of 2%
and particle concentration of 4% using Fe 2 0 3 nanoparticles
Table 5.5: Statistical analysis of the Al- Fe3C>4 ferrogel at 0 gauss magnetic field

Max
Dia. (A0)

Mean
Dia. (A0)

OOe
%of
Total
Volume

Range of Peaks

Peaks

Min.
Dia. (A0)

% of Total
Surface
Area

1

70.00

273.20

208.60

26.51

83.98

2

273.20

497.30

303.20

33.73

14.29

3

497.30

728.00

421.90

13.25

1.28

4

728.00

1125.60

556.60

13.25

0.36

803.10

13.25

0.09

5

1125.60

2550.00

Table 5.6: Statistical analysis of the Al- Fe304 ferrogel at different magnetic field
700Oe

250Oe

Peaks

Min.
Dia. (A0)

Max Dia.
(A0)

Mean
Dia.
(A0)

.1

70.00

3000.00

368.60

%of
Total
Volume

%of
Total
Surface
Area

100.00

100.00

Mean
Dia. (A0)

%of
Total
Volume

%of
Total
Surface
Area

360.80

100.00

100.00

Table 5.5 and 5.6 show the statistic analysis of OOe and 250, and 700Oe
magnetic field strength analysis data. The ferrogel sample synthesized without a
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magnetic field (under normal conditions) shows different agglomeration peaks. There
are five different peaks in this USAXS data. The sample prepared at an applied
magnetic field of 250Oe showed three peaks, in which the smallest peak may be
neglected (as it is relatively very small). At higher magnetic field, a single distinct
peak is seen around 37nm, which clearly shows the particle-particle interaction.
Ferrogel prepared using Fe304 and Fe2C>3 magnetic nanoparticles, showed
similar characteristics of agglomeration. However, this is neither size dependent nor
cross-linker concentration dependent for a given range. FesCv has significantly
different agglomeration characteristics over Fe2C>3 nanoparticles. Moreover, y-Fe2C>3
ferrogel samples are easy to prepare due to good suspension characteristics in water
after prolong sonication. The USAXS analysis showed that the progressive increase
in magnetic field strength increases the particle-particle interaction and they
predominantly become two particles agglomerated system.
From this research, it can be inferred that, dispersion of magnetic
nanoparticles is essential for uniform distribution of the nanoparticles in given gels.
This can be achieved either by functionalization or coating the particles with an
appropriate surfactant or a polymer affinity group.
In summary it can be concluded that the crosslinking ratio has an effect of
16% contribution for Fe304 particles ferrogel. While the ferrogel prepared using yFe203 has higher single particle distribution around 33%. It was found that the yFe203 particles have better dispersion in Dl-water compared to Fe3C>4. Similarly, %
of particles loading has effect on single peak distribution around 16% for Fe304 and
30%> for y-Fe203. The normal synthesis process has 13-18% for Fe3C>4 and 28-33%
for y-Fe2C>3. For magnetic field synthesis this single peak distribution increased to 3399%o depending on the strength of the magnetic field. Magnetogranulometric analysis
based on TEM and DC-SQUID data provided good correlation between USAXS,
synthesis and magnetic theory based volume fraction. The difference among these
three techniques is around 10-20%. Next chapter summarized the overall
achievements of this dissertation and provided the future work.
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CHAPTER 6
SUMMARY AND FUTURE WORK

The three important objectives of this research work were identified as (a)
simulation of the hydrogel/ferrogel behavior in response to environmental stimuli
such as pH, electric field, and magnetic fields (b) synthesis of the nanocomposite gels
using magnetic nanoparticles and the process optimization (c) characterization of the
nanocomposite gels to understand the effect of process and associated environmental
parameters.
The NIP AM based gels are very soft and can be made biodegradable, which
has heterogeneous structure and hold 80-99% of water, which make them difficult to
synthesize uniformly and analyze. Embedding nanoparticles is also a great challenge
because of its inherent characteristic of heterogeneity. In spite of these difficulties
with the material, this research has successfully achieved most of the set goals. The
major accomplishment of this work is described in following paragraphs.
This thesis has demonstrated a fully coupled electro-chemo-mechanical steady
state simulation of hydrogel response to environmental pH and electric field using
commercially available software. The developed model is applied for the study of
blood glucose response of a hydrogel of an identified composition. Further, the
simulation has been carried out to determine the swelling characteristics in response
to an applied magnetic field. However, the simulation of the ferrogel actuation under
applied magnetic field with varying pH is complex and with the preliminary
simulation, it is expected to set a direction for future work. Another noteworthy
achievement of this work is the demonstration of time dependent simulation of pH
response of these hydrogels using the same software. This is one of the difficult
problems to resolve.
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In the experimental front, synthesis of nanocomposite gels is relatively a new
research area, which has a great potential in terms of possible applications. The
magnetic nanocomposite gels or ferrogels that were synthesized as part of this
research are quite useful for drug delivery systems, biosensors, microfluidic valves
etc. Identifying two different types of magnetic nanoparticles, Fe3C>4, and y-Fe2C>3, the
nanocomposite gels with required properties were prepared using modified
conventional synthesis process. Design of Experiment methods were used to
systematically analyze the effects of important experimental parameters or conditions.
Effect of two important parameters, viz., cross-linking ratio, and particle loading
concentrations has been investigated. A novel magnetic field synthesis technique is
devised to improve the distribution characteristics of the gels. The properties of these
ferrite nanoparticle based ferrogels such as transition temperature and magnetic
properties were correlated to particle loading concentrations and particle distribution
uniformities. USAXS, TEM, DSC, and DC-SQUID magnetometery characterization
techniques were extensively used in analyzing the synthesized gel samples. Synthesis
process has been optimized to make the ferrogels consistently with reproducible
properties. At the end, this work has been successful in demonstrating ferrogel
samples with single particle distribution.

6.1

Future Work
Though this work has been able to demonstrate an excellent progress in

different fronts, it has lot of scope for future work. Being relatively new and
unexplored area of research, the simulation, synthesis and characterization of these
nanocomposite gels require greater attention in the near future especially in the
applications point of view. The key to the successful use of these materials for many
exciting applications that were discussed in the thesis is to be able to engineer the
materials with required properties.
In terms of simulation, this work can be taken to the next level especially in
the simulation of the ferrogel actuation under magnetic field and varying pH. To
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achieve this, the coupling of electro-chemo-mechanical model to a magnetic equation
is essential for understanding and predicting its responses, especially for applications
where these gels need to be used for sensing as well as actuation.
From application standpoint, one should have uniform magnetic particle
distribution. Moreover, from this study, it is now established that magnetic field has a
positive effect on the distribution of the particles inside the hydrogel. The first most
important goal should be increasing the loading of particles inside the hydrogel, while
being able to maintain single particle distributions. This can be done using freezing
and thawing process of synthesis.
In terms of the progress with respect to characterization of these materials,
one needs to understand the mechanical properties of these materials. Aspects such as
particle concentration vs. mechanical strength will be crucial. Nano microfluidic
indenter based techniques can be used for determining the mechanical properties.
Overall, the dissertation has been successful in simulation of these stimuliresponsive gels and established new methodology of correlation using different
characterization techniques.
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APPENDIX

Information On Magnetic Particles And Chemicals

A. 1 Chemicals
1. N-Isopropylacrylamide
Company:
Product Name:
CAS Number:
Molecular Formula:
Molecular weight:
Boiling Point (°C):
Melting Point (°C):
Appearance
Melting point
Separat. techn. GC
Stabilizer:

Acros Organics
N-Isopropylacrylamide
2210-25-5
C6HiiNO
113.15944
89-92
62-66
white to light yellow crystalline powder or crystals
62°C to 66°C
>98.5 %
500ppm (ca.) MEHQ

2. N,N'-Methylenebisacrylamide MBA

A.2

CAS Number:

110-26-9

Molecular Formula
Molecular weight
Solubility in water:
Appearance:
Assay other
Acrylic acid
pH

C7 H10 N2O2
154.1686
3g/L(25°C)
white fine needle-like crystals or cryst. powder
>99.0 %
<0.02 %
>5 (2.5 % aq. soln.)

Magnetic nanoparticles
1. Fe304 < 25nm, non coated
Company
Product name
Purity
APS
SSA
Color
Morphology
Bulk density
True density

NanoAmor Inc.
Iron Oxide, (FesCu)
99.5+%
25 nm
~ 66 m2/g
black (not graphite black)
spherical
0.84 g/cm3
4.8-5.1 g/cm3
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Figure A. 1: DC-SQUID data of Fe 3 0 4

2. Fe304 < 50nm No functionalization
Company:
Product number:
Description:
Synonyms:
CAS Number:
Empirical Formula
Molecular Weight
MDL number
PubChem ID
EG/EC Number
Assay
Physical form
Particle size
Surface area
Melting point
Density
Bulk density

Sigma Aldrich
637106
Iron(II,III) oxide, nanopowder, <50 nm particle size,
>98% trace metals basis
Magnetite
1317-61-9
Fe 3 0 4
231.53
MFCD00011010
24882829
215-277-5
>98% trace metals basis
nanopowder, spherical
<50nm
BET surf, area >60 m2/g
1538°C(lit.)
4.8-5.1 g/mL at 25 °C(lit.)
0.84g/mL
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ure A.2 : DC-SQUID measurement of FesCu particles
3. Y-Fe2O3<50mn
Company
Formula
Formula Weight
Particles size
Surface Aera

Alfa Aesar inc.
Fe203
159.69
20-40nm APS Powder
30-60m2/g

160

4000

-4000

-2000
0
2000
Magnetic Field [Oe]

4000

Figure A. 3: DC-Squid y-Fe203 sample
4. Fe 3 0 4 <25nm-WF
Description
Details
Purity
APS
SSA
Color
Morphology
Bulk density
True density

Iron Oxide, (Fe3C"4, 99.5%, 25 ran)
Iron Oxide (Fe304)
99.5+% (-0.2% surfactant polyvinylpyrrolidone (PVP))
25 nm
~ 66m2/g
black (not graphite black)
spherical
0.84 g/cm3
4.8-5.1 g/cm3
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Figure A. 4: Magnetization graph of PVP coated Fe3<D4 particles
Fe 2 0 3 <50nm
Company
Synonym:
CAS Number
Linear Formula
Molecular Weight
EC Number
Description
Particle size
Surface area

Sigma-Aldrich
Ferric oxide
1309-37-1
Fe 2 0 3
159.69
215-168-2
crystalline (primarily y) form nanopowder
<50nm
50-245 m2/g
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